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Chapter 1

General Introduction

Based on:

Does midbrain urocortin-1 matter? A 15-year journey from stress 
(mal)adaptation to energy metabolism

Tamas Kozicz, Linda Sterrenburg and Lu Xu
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“People may very well choose to trade o ff years o f their life, or the possibility o f disease or 
injury, in exchange fo r  the current pleasure, excitement, or stress relief they get from  food .” 
Jacob Sullum.

Adaptation, stress and feeding

Daily life demands permanent re-establishing and maintenance of a dynamic 
equilibrium in the face of fast changes in the internal and external environment, a process 
called “allostasis” (McEwen, 2004). If these changes are stressful, i.e., they are stressors that 
threaten allostasis and, hence, health, the brain elicits a stress response to restore allostasis 
(“adaptation”). When adaptation has been achieved, the stress response is terminated. In 
case the stress response fails to maintain or restore allostasis, disorders of body and mind 
like anxiety and major depression, may originate (“maladaptation”). A successful stress 
response requires energy, in an amount depending on the severity of the stressor and the 
kind of response (“fight or flight’). Energy availability depends on a large number of 
interrelated processes such as the intake, digestion and metabolic processing of food, and the 
production, storage, mobilization and expenditure of energy. This implies that for 
appropriate adaptation, all these processes need to be well coordinated with the stress 
response. Obviously, such coordination will take place in the central nervous system (CNS), 
but the precise site of this coordination is unknown. One would expect that such a brain 
center, or set of collaborating brain centers, would obtain information about both the 
stressor challenging the organism and the energy available to perform a successful, adaptive 
stress response.

The research described in this Ph.D. thesis focuses on the structure and functioning of 
a candidate coordination center of the stress response, the non-preganglionic Edinger- 
Westphal nucleus (npEW) in the mammalian midbrain. The thesis contains six chapters 
dealing with studies on rodents (mice and rats), viz. on the ultrastructural characterization 
of the rat npEW, on the responses from neuropeptide-containing neurons in the npEW to 
different types of stressor (acute restraint, and chronic variable mild stress; CVMS) and to 
changed energy state (fasting), on the sex-specificity of these responses and, finally, on the 
effects of leptin signaling on these responses. In the General Discussion, it is discussed how 
the results of these studies contribute to our insight into the possible role of the npEW in the 
coordination of the energy-dependent stress adaptation response.

The stress response

Although the character of the stress response strongly depends on the kind, intensity 
and duration of the stressor (e.g. acute or chronic, physical or psychological), it always leads 
to activation of the sympathetic adrenal medullar system and the hypothalamo-pituitary 
adrenal (HPA-) axis. The central control centers of the stress response are located in the 
hypothalamus and the brain stem. The sympathetic stress response originates in the locus 
ceruleus and acts almost instantaneously. As the stressor persists, the HPA-axis becomes 
activated (Tsigos and Chrousos, 2002). Corticotropin-releasing factor (CRF)-producing 
neurons in the paraventricular nucleus (PVN) are the principal hypothalamic regulators of 
the HPA-axis. CRF stimulates the secretion of adrenocorticotropic hormone (ACTH) from
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the anterior lobe of the pituitary gland. Circulating ACTH acts on the zona fasciculata of the 
adrenal cortex to stimulate the production and release of glucocorticoids (corticosterone in 
rodents and birds, or cortisol in humans and fish). Glucocorticoids negatively feed back on 
the brain and pituitary gland to shut down adrenal activation, and thereby the stress 
response is terminated. As a prolonged increase of the corticosteroid titer is harmful for 
peripheral organs as well as for the brain, this negative feedback protects the organism 
against detrimental glucocorticoid exposure by keeping the steroid titer within a wide but 
stable operation range (Huizenga et al., 1998; De Kloet et al., 2008).

The regulation o f food intake

Food intake is regulated by a large number of brain centers and their 
neurotransmitters, among which cocaine- and amphetamine-regulated transcript peptide 
(CART), neuropeptide Y (NPY) and nesfatin-1 are of particular interest for this thesis 
research. Like the stress response elicited by the HPA-axis, this central control of food intake 
is under peripheral feedback regulation, especially by the closely collaborating peptide 
hormones, leptin and ghrelin (for reviews, see Bates and Myers, 2003; Valassi et al., 2008; 
Moran, 2009; Kirchner et al., 2010). Together, they act on hypothalamic production of 
orexigenic (NPY; agouti-related protein, AgRP) and anorexigenic (CART; a-melanophore- 
stimulating hormone, a-MSH) factors (Stanley et al., 2005). Ghrelin is primarily produced 
by the gastrointestinal tract, enhances food intake and controls energy homeostasis by 
stimulating anabolic processes (Meier and Gressner, 2004; Ramos et al., 2004). Acting as a 
counterpart to ghrelin, leptin is synthesized by adipocytes, decreases food intake and 
regulates body weight and energy balance (Kalra et al., 2005). Since leptin is a main focus of 
interest in this PhD thesis, this hormone deserves some special attention in this General 
Introduction.

Leptin is a peptide hormone encoded by the obese (ob) gene. Once secreted by 
peripheral adipocytes, it circulates via the blood to enter the brain, where it conveys 
information about the amount of peripherally stored fat (Zhang et al., 1994). The leptin 
receptor (LepR) is a single membrane-spanning protein that belongs to the class I cytokine 
receptor superfamily. Alternative splicing of the LepR (db) gene generates six isoforms 
(Chen et al., 1996; Ahima and Osei, 2004). The long form of LepR, LepRb, is crucial for the 
hormone's action because of its ability to activate intracellular signal transduction pathways. 
Leptin signaling occurs typically through the Janus kinase 2 (JAK2)-signal transducer and 
activator of transcription 3 (STAT3) pathway (Ghilardi et al., 1996; Villanueva and Myers Jr,
2008). In addition, leptin has the ability to activate the mitogen-activated protein kinase 
(MAPK) cascade and the phosphoinositide 3-kinase (PI3K) pathways (Hegyi et al., 2004). 
LepR is present in several brain areas, but especially in nuclei of the hypothalamus, 
including the arcuate (ARC), dorsomedial (DMH), ventromedial (VMH) and ventral 
premammillary (PMv) nuclei and the lateral hypothalamic area (LHA) (Elmquist et al., 1998, 
2005; Baskin et al., 1999; Leshan et al., 2006; Morton et al., 2006). Leptin action is 
particularly well characterized for two populations of ARC neurons, where LepRb signaling 
stimulates the production of anorexigenic (CART/POMC) and suppresses levels of 
orexigenic (NPY/AgRP) peptides. Extrahypothalamic sites that contain functional LepR
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include the nucleus of the solitary tract (NTS) and the ventral tegmental area (VTA) (Elias et 
al., 2000; Hommel et al., 2006). These nuclei regulate satiety, the NTS integrating inputs 
from the gut and the VTA mediating the central rewarding effects of feeding (Fulton et al., 
2006; Grill, 2006; Hommel et al., 2006).

The non-preganglionic Edinger-Westphal nucleus

Urocortin-1

In the rat, the member of the CRF-neuropeptide family, urocortin-1 (Ucnl), has a 
sequence identity of 45% with CRF and was found, in an abundant amount, in the rat EW in 
the rostroventral midbrain (Vaughan et al., 1995). Subsequently, Ucnl-immunoreactive 
neurons in the EW were identified in various other mammalian as well as in non
mammalian species (Kozicz et al., 1998, 2002; Bittencourt et al., 1999; Iino et al., 1999; Calle 
et al., 2005; Ryabinin et al., 2005). The presence of this stress-associated neuropeptide in a 
nucleus classically associated with parasympathetic oculomotor functions (pupil 
constriction and lens accommodation) suggests that the EW is not only an oculomotor 
nucleus but may also be an integration centre of sensory and motor information. To 
distinguish preganglionic cholinergic neurons that control oculomotor functions from the 
neurons that produce Ucn1 and do not project to the ciliary ganglion but rather possess 
central projections, the latter have been named non-preganglionic EW (npEW) neurons 
(Ryabinin et al., 2005; Weitemier et al., 2005; Gaszner et al., 2007).

Involvement o f npEW-Ucn1 neurons in the stress response

Soon after the discovery of Ucn1 in npEW, it was shown that Ucn1 neurons are 
recruited by acute pain stress (Kozicz et al., 2001; Rouwette et al., 2011a,b) and that Ucn1 
mRNA is significantly upregulated by acute pain as well as by restraint stress (Weninger et 
al., 2000; Kozicz et al., 2001). More recently, it became clear that npEW-Ucn1 neurons are 
recruited by various acute stressors (Gaszner et al., 2004; Kozicz, 2007) and their activation 
pattern suggests that they respond (as revealed by expression of the immediate early fos gene) 
to psychological/physiological stressors (such as pain and restraint) rather than to systemic 
stressors (hyperosmotic or hemorrhage stress) (Gaszner et al., 2004). Interestingly, 
activation of npEW neurons and upregulation of Ucn1 mRNA after acute pain stress are 
long-lasting (over 16 hours; Kozicz et al., 2001), which is in contrast to the relative short- 
lasting (maximally 4 hours) stress-induced fos activation of neurons in the PVN and the 
upregulation of PVN-CRF mRNA (Viau and Sawchenko, 2002). Similarly to rats, restraint 
stress also increases the expression of egr-1 (another inducible transcription factor gene) in 
bird npEW-Ucn1 neurons (Cunha et al., 2007). In mice, however, no induction of fos has 
been reported in response to various acute stressors (Turek and Ryabinin, 2005), suggesting 
a species-specific, complex pattern of stress responsiveness of npEW neurons. NpEW-Ucn1 
neurons are not only recruited by acute but also by chronic stressors. Chronic 
predictable/homotypic stress (viz. 3 weeks exposure to ether) activates mouse Ucn1 neurons 
without habituation, as demonstrated by cFos-immunohistochemistry (Korosi et al., 2005). 
This finding is in clear contrast to the habituating response of PVN neurons to chronic
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stress (Viau and Sawchenko, 2002), suggesting that the PVN and npEW have related but not 
similar actions during adaptation to chronic stressful conditions.

These differences in the dynamics of activation of PVN and npEW neurons in 
response to acute and chronic stressors raise the idea that the PVN and npEW may act in a 
complementary way to terminate the central stress response once adaptation has been 
successfully achieved (Weninger et al., 1999; Kozicz, 2007). This would not only imply that 
npEW -Ucnl neurons have an important role in the stress adaptation response but also that, 
in the case of maladaptation, they may be responsible at least for a part, together with the 
CRF-neurons in the PVN, for the pathogenesis of stress-related brain diseases such as 
anxiety and depression (Kozicz, 2007; Kozicz et al., 2011).

Involvement o f npEW-Ucn1 in feeding regulation

It seems that the npEW is not only involved in the stress response but also plays an 
important role in feeding regulation. Electrical lesioning of the nucleus results in inhibition 
of food intake (Weitemier and Ryabinin, 2005) and high-fat diet decreases its Ucn1 mRNA 
content (Legendre et al., 2007). Furthermore, peripheral injection in mice of low doses of 
Ucn1 (0.3-3 nmol) produces a strong and prolonged inhibition of feeding (Asakawa et al., 
1999; Wang et al., 2001), an effect that can also be seen in leptin-deficient (ob/ob) mice 
(Asakawa et al., 2001). Intracerebroventricular (i.c.v.) administration of Ucn1 also potently 
reduces food intake in both food-deprived and free-feeding rats (Spina et al., 1996). More 
specifically, Kotz et al. (2002) showed that Ucn1 increases plasma leptin and, as a result, 
evokes satiety. Co-treatment of rats with doses of leptin and Ucn1 that are ineffective when 
given alone potently suppresses appetite (Pan and Kastin, 2008). Moreover, leptin facilitates 
Ucn1 transport across the blood-brain-barrier, and there is evidence that Ucn1 potentiates 
leptin signaling by increasing LepRb-induced STAT3 phosphorylation (Pan et al., 2007). All 
these data indicate that Ucn1 (in the npEW) plays an important role in the regulation of 
food intake.

Other neuropeptides in the npEW

In addition to Ucn1, various other regulatory factors are present in the npEW. Main 
factors are CART (Kozicz, 2003), brain-derived neurotrophic factor (BDNF; Kozicz et al., 
2008; Gaszner et al., 2009a), cholecystokinin (Maciewicz et al., 1984), nesfatin-1 (Brailoiu et 
al., 2007) and substance P (Maciewicz et al., 1983). In the past decade CART has emerged as 
major neurotransmitter/neuromodulator (Pae et al., 2007; Rogge et al., 2008). The peptide is 
widely expressed in the CNS and is very abundant not only in the hypothalamus (Keller et 
al., 2006) but also in the npEW (Kozicz, 2003). CART acts in the hypothalamus as an 
anorexigenic factor, since lipopolysaccharide stress recruits npEW neurons colocalizing 
CART and Ucn1 (Kozicz, 2003). Possibly, CART is involved in the integration of stress 
adaptation and feeding control actions by the npEW.

Nesfatin-1 is a product of the nucleobindin-2 gene (NUCB2), and was identified in 
various hypothalamic nuclei in the rat (Oh-I et al., 2006). A central nesfatin-1 injection 
dose-dependently reduces feeding for 6 hours in rats, starvation reduces NUCB2 expression 
in the rat PVN (Oh-I et al., 2006), and in the same nucleus refeeding activates nesfatin-1-
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containing neurons (Kohno et al., 2007). Nesfatin-1 has been recently demonstrated as a 
neuropeptide involved in the stress response and, when administered i.c.v. in rats, it exerts 
strong anxiogenic effects (Merali et al., 2008). Interestingly, Brailoiu et al. (2007) showed the 
presence of nesfatin-1 in the npEW, underlining the possible role of this nucleus in both the 
stress response and feeding regulation.

Sex differences in stress adaptation and feeding control

Women are twice as likely to develop major depression as men (Weissman and Olfson, 
1995). This difference may be due to the fact that the stress response by the HPA-axis differs 
between men and women: in response to a stressor men show a stronger increase in ACTH 
and cortisol than women (Kirschbaum et al., 1999; Kudielka and Kirschbaum, 2005). In 
addition, a stronger anorexigenic leptin signal and earlier satiety have been reported in 
females suffering from chronic illnesses (Walsh et al., 2000; Intebi et al., 2002). Weight 
management studies have also revealed dissimilar profiles between men and women, as 
usually women are more affected by obesity and are more resistant to weight loss (Legato, 
1997) and, in particular, serum leptin concentrations are higher in obese women than in 
obese men, both before and during weight loss (Niskanen et al., 1997).

It would seem that female hormones, especially estrogen, are responsible for this sex 
difference. The presence of the estrogen receptor P (ERP) in the npEW has been previously 
demonstrated (Mitra et al., 2003), and Derks et al. (2007) have shown the presence of this 
receptor in the majority of mouse and rat npEW-Ucn1 neurons, suggesting that the 
functioning of the npEW could differ between males and females. In line with this notion, 
Derks et al. (2010) have indeed shown that Ucn1 mRNA expression in the npEW is sex- 
related. Therefore, in this thesis attention has also been paid to the possible sex-specificity of 
feeding-associated responses by the npEW.

Aim and outline of this thesis research

Since an appropriate balance of energy intake and energy expenditure is required for 
adequate stress adaptation, a tightly regulated signalling must link energy homeostasis with 
neuronal circuitries controlling the stress response. With this thesis research we have aimed 
to elucidate the functioning of the rodent npEW in relation to the stress response and energy 
metabolism, and to construct a model in which the npEW integrates information about 
(potential) stressors with information about body energy storage, in this way enabling the 
brain to launch an adequate adaptive response.

Chapter 2 describes the characterization of the npEW of the rat at the ultrastructural 
level, with particular attention to Ucn1/CART-containing neurons. The data obtained 
provide the basis for studies specifying the effects of acute and chronic stressors and feeding 
condition on the secretory activity of the npEW-Ucn1 neurons. Chapters 3 and 4 are 
devoted to studies on the dynamic responses of npEW neuropeptides and their mRNAs to 
different stress challenges. In Chapter 3 we demonstrate by quantitative 
immunocytochemistry and reverse transcription polymerase chain reaction (RT-PCR) that 
restraint stress stimulates the production of Ucn1, CART and nesfatin-1 in the mouse npEW. 
In Chapter 4 we compared the effects of acute restraint with those of CMVS and, in
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addition, tested for a possible sex-specificity of these responses. Chapters 5, 6 and 7 are 
mainly concerned with the regulation of npEW neuropeptides by leptin. In Chapter 5 the 
presence of LepR in the rat npEW is described, and it is shown that the npEW 
neuropeptides Ucnl, CART and nesfatin-1 respond to reduced leptin signalling (two days of 
fasting), in male rats only. Chapter 6 further elaborates on the interaction between 
peripheral leptin and Ucnl in the mouse npEW. We demonstrate that LepRb is present in 
the mouse npEW, and that leptin-mediated signalling occurs in npEW-Ucn1 neurons. 
Moreover, modulating leptin signalling modifies Ucnl neuron activity. In Chapter 7 we 
have studied the temporal effect of leptin on intracellular signalling pathways in 
Ucnl/CART neurons in the rat npEW. Finally, in Chapter 8, the results of the thesis 
research are discussed with emphasis on their significance for fundamental and clinical 
aspects of the interaction between stress response and energy balance control. In addition, 
this chapter provides suggestions for future directions of research that may be important to 
better understand the integrative role of the midbrain npEW.



Chapter 2

Ultrastructural and immunocytochemical characterization of the rat 
non-preganglionic Edinger-Westphal nucleus

Diane C.W.A. Van Wijk, Lu Xu, Linda Spiegelberg, Roeland F. Struik, Kari H. 
Meijer, Balázs Gaszner, Tamás Kozicz and Eric W. Roubos

General and Comparative Endocrinology (2009) 164: 32-39
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Abstract

The rodent non-preganglionic Edinger-Westphal nucleus (npEW) is involved in the 
stress adaptation response. Here we describe the ultrastructural organization o f this nucleus in 
the unchallenged rat, using different tissue fixation and embedding methods, and 
postembedding immunogold labeling. In this way we have (1) identified Ucnl-immunopositive 
neurons, (2) described the ultrastructure o f these neurons with focus on cell organelles involved 
in secretion (rough endoplasmic reticulum, Golgi apparatus, secretory vesicles), (3) 
demonstrated the subcellular coexistence o f Ucnl with cocaine- and amphetamine-regulated 
transcript peptide, and (4) classified various morphological types and configurations o f 
synaptic contact present in the npEW  and, specifically, on the npEW -Ucnl neurons. The data 
obtained provide the morphological basis fo r  fu ture studies on the plastic effects o f acute and 
chronic stressors as well as feeding conditions specifically affecting the secretory activity o f 
npEW -Ucnl neurons.
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Adaptation to stressful conditions is essential for survival of animals and man. An 
important control centre of the mammalian stress response is the hypothalamo-pituitary- 
adrenal (HPA-) axis. Upon activation, the hypothalamic paraventricular nucleus (PVN) 
secretes corticotropin-releasing factor (CRF), the primary secretagogue for 
adrenocorticotropic hormone, which evokes the adrenal release of corticosterone or, in 
humans and fish, cortisol, which in turn effectuates the adaptation process (for reviews see 
e.g. Tsigos and Chrousos, 2002; De Kloet et al., 2005). In the last decade evidence emerged 
that in addition to CRF, the CRF-peptide family member urocortin-1 (Ucnl) plays an 
essential role in stress adaptation (e.g. Skelton et al., 2000; Weninger et al., 2000; Gaszner et 
al., 2004; Kozicz, 2007). Ucnl has a central distribution distinct from and more limited than 
that of CRF (Kozicz et al., 1998; Bittencourt et al., 1999), with the majority of all U cnl- 
containing neurons of the brain being situated in the Edinger-Westphal nucleus (EW; 
Kozicz et al., 1998; Kozicz, 2007). The EW is located in the midbrain, on either side of the 
midline, mediodorsal to the oculomotor nuclei. Originally, the EW was described by 
Edinger (1885) and Westphal (1887) in the human fetus and adult, respectively, as a 
cholinergic, parasympathetic oculomotor nucleus innervating the ciliary ganglion to control 
the ciliary and pupillary sphincter muscles. However, the discovery of projections from the 
EW to non-oculomotor brain areas such as the lateral septum and spinal cord indicated that 
structure and function of the EW are more complex than originally thought (Saper et al., 
1976; Loewy and Saper, 1978; Bittencourt et al., 1999; Bachtell et al., 2002), and traditional 
views had to be revised when the Ucn1-containing neurons in the EW turned out to be non- 
cholinergic and not to project to the ciliary ganglion (Weitemier et al., 2005). In addition to 
Ucn1, cocaine- and amphetamine-regulated transcript peptide (CART), a multifunctional 
neuropeptide implicated in the control of various physiological processes including the 
stress response and food intake (Koylu et al., 2006; Germano et al., 2007; Rogge et al., 2008) 
was localized in the Ucn1-containing neurons (Kozicz, 2003), suggesting that the EW may 
be involved not only in the control of the stress response but also in the regulation of feeding 
activity. Therefore, the part of the EW that contains the Ucn1-neurons was redefined as an 
anatomically and functionally distinct brain area and named non-preganglionic EW (npEW; 
Cavani et al., 2003; Ryabinin et al., 2005; Weitemier et al., 2005; May et al., 2008).

The idea that the Ucn1 neurons in the npEW are involved in control of stress 
adaptation and feeding comes mainly from light microscopic, morphometry and 
densitometry studies. These have demonstrated that the contents of Ucn1 mRNA and Ucn1 
peptide (and to some extent, of CART) in rodent npEW -Ucn1 neurons are changed in 
response to acute and chronic stress as well as in transgenic animals with changed CRF 
expression. This has led to the notion that the npEW -Ucn1 neurons control stress 
adaptation processes in collaboration with the HPA-axis (Weninger et al., 1999; Kozicz et al., 
2001; Gaszner et al., 2004; Kozicz, 2007). However, these light microscope studies, involving 
the measurements by in situ hybridization of mRNA and by immunocytochemistry of 
peptide contents, only provide information about relative changes in mRNA and peptide 
amounts. Obviously, such information is insufficient to draw conclusions about the absolute

Introduction
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degree of secretory activity of the neurons, because mRNA and peptide amounts are not 
necessarily related to the cell’s secretory activity as determined by peptide production, 
degradation and secretion (e.g. Dannies, 1999). Clearly, information about these secretory 
events would strongly support the notion that the npEW-Ucn1 system plays a main role in 
the stress adaptation response. To obtain such information we have performed the present 
ultrastructural study, which focuses on subcellular parameters for neuronal secretory 
activity.

Up to now, the only data on the ultrastructure of the npEW concern a short, 
preliminary report on the presence of Ucn1-immunoreactivity in rat EW-neurons (Kozicz et 
al., 1998). However, the pre-embedding peroxidase-antiperoxidase method used in that 
study yielded an immunocytochemical picture dominated by a coarse, flocculent precipitate 
that largely obscured tissue ultrastructure and did not permit to obtain information about 
the neuronal secretory state. In the present extensive immunocytochemical investigation of 
the npEW of unchallenged rats we have applied combined aldehyde and osmium tetroxide 
fixation as well as postembedding immunogold labeling of aldehyde-fixed material. In this 
dual approach, we have (1) identified Ucn1-immunopositive neurons, (2) described in detail 
the ultrastructure of these neurons with particular attention to the cell organelles involved in 
secretion (rough endoplasmic reticulum, Golgi apparatus, secretory vesicles), (3) 
demonstrated the subcellular coexistence of Ucn1 with CART, and (4) characterized and 
classified the various types of synaptic contact and their configurations present in the npEW 
and, specifically, on the npEW-Ucn1 neurons. The results will enable to specify the effects of 
various acute and chronic stressors and feeding conditions on the secretory activity of 
npEW-Ucn1 neurons to elucidate the role of these neurons in stress adaptation and feeding 
control.

Experimental Procedures

Animals

Twelve male albino Wistar-R Amsterdam rats, weighing 225-250 g, were housed in 
standard plastic cages (40x25x20 cm) in a temperature- and humidity-controlled 
environment. They were maintained on a 12-h light/12-h dark cycle (lights on 6:00 a.m.) 
and were allowed access to tap water and rodent chow ad libitum. Animals were 
acclimatized to these housing conditions for 1 week before any experimental manipulation. 
All procedures were conducted in accordance with the animal use guidelines approved by 
the Medical Faculty Advisory Committee for Animal Resources of Pecs University, Pecs, 
Hungary.

Tissue processing

Under deep anesthesia with nembutal (100 mg/kg body weight, Sanofi-Synthelabo, 
Budapest, Hungary), rats were transcardially perfused with 50 ml 0.1 M sodium phosphate- 
buffered saline (PBS, pH 7.4), followed by 250 ml 2% ice-cold paraformaldehyde and 0.5% 
glutaraldehyde in PBS, for 20 min. After dissection, brains were kept in the same fixative, for 
16 h at 4 °C. Subsequently, coronal 300 ^m thick slices of the midbrain were cut at the level
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of the npEW (Bregma -5.20 till -6.30 and Interaural 3.80-2.70 mm, according to Paxinos and 
Watson, 1997) with a Leica VT1000S vibratome (Leica, Rijswijk, The Netherlands). The EW 
was punched out with a Harris Uni-Core sample cutter (diameter 1.5 mm; Ted Pella, 
Redding, CA, USA). For immunogold immunochemistry, punches of six rats were rinsed in 
PBS, dehydrated in a graded series of ethanol, and embedded in the acrylic resin LR White 
(London Resin Company, Reading, UK) at 55 °C, for adequate antibody penetration during 
immunogold labeling. For optimal ultrastructural preservation, punches of another six rats 
were first postfixed in 1% osmium tetroxide in PBS, for 1 h at 4 °C, before embedding in 
Spurr epoxy resin (Agar Scientific, Stansted, UK) at 60 °C. Semithin (1.5 ^m) and 
subsequent pale-gold ultrathin sections were cut on an Ultracut UCT ultramicrotome (Leica, 
Microsystems, Wetzlar, Germany).

Light microscopic immunocytochemistry

Semithin sections (thickness 1.5 ^m) were rinsed in PBS and 0.5% Triton X-100 in 
PBS (PBST; Sigma Chemical, St. Louis, MO, USA). Then, endogenous peroxidase activity 
was quenched with 1% H2O2 in PBS, for 30 min, and sections were placed in a solution of 
2% normal goat serum in PBS (NGS; Vector Laboratories, Burlingame, CA, USA), for 1 h. 
Incubation was in primary antiserum raised in goat against Ucn1 (1:200 in NGS; kindly 
provided by Dr. W.W. Vale, The Salk Institute, La Jolla, CA, USA), for 16 h. After rinsing in 
PBS, sections were incubated in goat-anti-rabbit antiserum (Nordic Immunology, Tilburg, 
The Netherlands) followed by rinsing in PBS and incubation in rabbit peroxidase
antiperoxidase complex (Nordic Immunology), for 1 h. Finally, the reaction product was 
visualized with 0.04% diaminobenzidine-nickel (Sigma Chemical) and 35% H2O2, in Tris- 
HCl buffer (pH 7.4). The reaction was controlled under a light microscope, and was stopped 
in Tris buffer. Some semithin sections were stained with 1% toluidine blue (UCB, Brussels, 
Belgium) in 1% sodium tetraborat (Merck, Darmstadt, Germany), for 2 min, to stain all 
neurons present in the section.

Immuno-electron microscopy

Ultrathin sections were incubated in 20 mM glycine in PBS (20 mM sodium 
phosphate buffer and 150 mM NaCl, pH 7.4) for 15 min, followed by 30 min in PBG 
containing PBS with 5% bovine serum albumin (BSA; Sigma Chemical), 0.1% gelatin (Merck, 
Darmstadt, Germany) and 5% NGS. Then, they were incubated in a primary antiserum 
diluted in incubation buffer containing PBS and 0.2% BSA-c (Aurion, Wageningen, The 
Netherlands), for 16 h. Ucn1-antiserum was used at 1:3,400, CART antiserum (Ca6-1 F4D4, 
raised in mice; kind gift from Dr. J.T. Clausen, Novo Nordisk A/S, Bagverd, Denmark) at 
1:500. After washing in PBG for 6 x 5 min, sections were incubated with gold-conjugated 
secondary antiserum (goat-anti-rabbit or goat-anti-mouse; 6 or 15 nm gold particles; 
Aurion), for 1 h (Ucn1) or 2 h (CART), and rinsed in PBS/BSA-c, in PBG for 3 x 5 min, in 
PBS-EM for 3 x 2 min and in MilliQ for 6 x 2 min. Finally, sections were examined in a Jeol 
1010 electron microscope (Jeol, Tokyo, Japan) after contrasting some of them with 2% 
uranyl acetate, for 1.5 min, and/or with lead citrate, for 4 min.
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Colocalization of Ucn1 and CART was studied according to Wang et al. (2004). In 
short, the procedure for single-labeling was followed as described above, but labeling was 
executed on both faces of the section. First, incubation with anti-Ucn1 was carried out at 
one side, followed by incubation in secondary goat-anti-rabbit gold-conjugated antiserum 
with 15 nm gold particles (1:40 in PBS/BSA-c), for 60 min. After postfixation at this side in 
1% glutaraldehyde, the section was thoroughly rinsed and immunolabeling with rabbit-anti 
CART was performed on the other side, followed by incubation in goat-anti-rabbit gold- 
conjugated antiserum with 6 nm gold particles (1:50 in PBS/BSA-c).

Quantitations

To obtain global impressions about numbers of cells and types of synaptic contact, 
counts were made in small samples of the npEW, at both the light and ultrastructural level. 
Neuron counts were made in one semithin Spurr cross-section cut medially through the 
nucleus, in three animals. Counts of all Ucn1-positive cells present in the section were 
expressed as percentage of all cells present (stained by toluidine blue). In the centre of one 
ultrathin Spurr section cut medially through the EW nucleus, 200 synapse profiles were 
identified by direct electron microscopic observation at low magnification (15,000x) and 
then the type of their pre- and post-synaptic element classified at higher (40,000x) 
magnification. The same procedure was followed for synaptic contacts on Ucn1 neurons, 
but here 50 profiles were studied. Random sampling procedures were maintained 
throughout the study.

Results

In order to identify and characterize Ucn1 neurons in the rat npEW at the 
ultrastructural level, two approaches were followed, namely studying (1) conventional, 
ultrathin Spurr sections of neurons postfixed with osmium tetroxide that had been first 
identified immunocytochemically in preceding semithin sections and (2) ultrathin LR White 
sections stained by the postembedding immunogold method. Although both ways of 
preparation yielded satisfactory tissue preservation, ultrastructure was superior in Spurr- 
embedded sections whereas immunocytochemical staining at the electron microscope level 
was optimal in LR White material, as will be detailed below.

Ultrastructure o f the npEW

To approximate the relative frequency of Ucn1-containing neurons in the npEW, 
semithin Spurr sections cut medially through the npEW were stained with toluidine blue to 
demonstrate all neurons (Fig. 1a) and with light microscopic immunocytochemistry to 
detect Ucn1-positive neurons only (Fig. 1b). Cell counting revealed that approximately 70% 
of the neurons present in the npEW contain Ucn1. The npEW-Ucn1 neurons have a rather 
oval shape and measure about 20 ^m in diameter. Immunonegative neurons have various 
shapes and sizes, and occur at several places in the npEW, but are rarely intermingled with 
the Ucn1 neurons.
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Fig. 1. Detection of Ucn1 neurons in the npEW using two subsequent semithin Spurr sections medially 
through the npEW, stained, respectively, with toluidine blue to demonstrate all neurons (a; neurons 1-7) and 
with light microscopic immunocytochemistry to detect Ucn1-positive neurons 1 and 3-6 (b), after which Ucn1 
neuron 4 could be studied by electron microscopy in a subsequent ultrathin section (c). Asterisk indicates 
small blood vessels. Scale bars a, b: 10 ^m, c: 5 ^m.

Subsequently, ultrathin (pale-gold) serial sections were cut adjacent to the 
immunocytochemically stained semithin sections (Fig. 1c). In this way, Ucn1- 
immunopositive neurons identified in a semithin section could be studied by electron 
microscopy. At the ultrastructural level the npEW is characterized by perikarya surrounded 
by numerous unmyelinated and myelinated axons intermingled with dendrites and small 
blood vessels (Figs. 1c, 2a). The npEW-Ucn1 neurons appear to be full of cell organelles 
involved in the cells’ secretory process. The rough endoplasmic reticulum (RER) is extensive 
and organized in large stacks throughout the cytoplasm (Fig. 2a, b), while the Golgi 
apparatus is also well developed, showing elaborate lamellae and formation of secretory 
vesicles (Fig. 2b, c). Whereas near the Golgi apparatus secretory vesicles are still immature, 
revealing a rather irregular outline and an electron-dense core that is surrounded by an
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electron-lucent halo (Fig. 2c), secretory vesicles located at some distance from the Golgi 
apparatus have a characteristic round shape and no obvious halo (Fig. 2d). The diameter of 
these ‘‘mature” vesicles ranges between 100 and 150 nm. They occur in low numbers in the 
perikaryon. Free ribosomes and mitochondria are numerous whereas lysosomal structures 
are inconspicuous (Fig. 2).

Fig. 2. Ultrastructure of npEW-Ucn1 perikarya, with abundant RER (a), which can be seen in detail together 
with profile of Golgi apparatus in (b), where it forms immature secretory vesicles (c; arrows). Mature secretory 
vesicles are located at some distance from the Golgi apparatus (d). m, myelinated axon; s, axosomatic synaptic 
contact of L-type; u, unmyelinated axon. Scale bar a: 5 ^m; b-d: 500 nm.

Immunogold labeling o f Ucnl-neurons

In the second approach, postembedding immuno-electron microscopy was performed 
on LR White sections. In contrast to Spurr-embedded material, the tissue ultrastructure of 
the npEW is slightly less well preserved, especially as to cellular membranes, which are 
indistinct, but adequate postembedding immunogold labeling is achieved, which was not 
possible on ultrathin Spurr sections. The observations confirm the conventional electron 
microscopy observations as described above, as to the ultrastructure of the npEW including 
that of the Ucn1 neurons, which reveal the well-developed RER and active Golgi apparatus, 
and the characteristic secretory vesicles. These vesicles show immunolabeling with the anti- 
Ucn1 serum (Fig. 3a, b). Like in the Spurr sections, the Ucn1-positive neurons represent
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about 70% of all neurons present in the npEW. Other neurons and glial cells are 
immunonegative.

Ultrathin sections stained with anti-CART show a picture that is very similar to that of 
sections stained for Ucn1. Only the electron-dense secretory vesicles in the Ucn1-neurons 
exhibit immunolabeling (Fig. 3c, d). Sections treated with both anti-Ucn1 and anti-CART in 
combination with two sizes of gold particle reveal that the CART-immunoreactivity coexists 
with that for Ucn1 within the same vesicles (Fig. 3e, f). CART-immunoreactivity is restricted 
to Ucn1-positive neurons, which means that we never observed a Ucn1-negative neuron 
that was immunopositive for CART.

Fig. 3. Post-LR White-embedding immunogold electron microscopy of secretory vesicles in npEW-Ucn1 
neurons of Ucn1 (a and b) and CART (c and d). In e and f double-labeling for Ucn1 and CART has been 
performed. Note that not all vesicles are double-labeled. This may be because one antiserum labels only at one 
side of the section. Nevertheless, some vesicles show coexistence of both peptides, which can be distinguished 
from each other because of the different sizes of the immunogold particles (arrows: Ucn1, 15 nm; arrowheads: 
CART, 6 nm; arrows). Scale bars: 100 nm.
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Besides secretory vesicles, no cell organelles revealed any immunoreactivity, and 
preimmune serum or omission of the primary antiserum fully abolished immunostaining.

Synaptology o f the npEW

Due to the indistinctiveness of plasma membranes, synapses in LR White material 
cannot be detected beyond doubt. Therefore, the synaptology of the npEW was studied in 
Spurr-embedded material, where synapses could be readily identified. The npEW appears to 
be rich in synaptic contacts. They occur in a wide variety as to size, type of pre- and post- 
synaptic element (axon, dendrite, soma), shape of active zone (asymmetrical or symmetrical) 
and size and clustering of synaptic vesicles. In order to characterize the synapse population 
of the npEW, we used the classification followed previously by Ohara and Lieberman (1985), 
Ohara (1988), Lui (1997), Lui and Jones (1999) and us (van de Bovenkamp-Janssen et al., 
2004) for the rat rostral reticular thalamic nucleus, viz. distinguishing D-, L-, and F-type 
presynaptic elements. To obtain a good impression of the number of each of these elements 
in the npEW, per type (D, L, and F) the number of terminals in the sampling area was 
counted and the postsynaptic element defined (Table 1).

Table 1. Relative frequencies of D-, L- and F-type presynaptic elements on soma, dendrite and axon in the 
npEW of the rat. In total 200 elements were detected at random, and then categorized.

Soma (%) Dendrite (%) Axon (%) Total (%)
D-type 3.5 17.2 10.3 31.0
L-type 4.6 20.7 29.9 55.2
F-type 0 4.6 9.2 13.8

Total 8.1 42.5 49.4 100

D-type terminals (Fig. 4a, b) are small (average diameter 0.6 ^m) and reveal a cluster 
of numerous, closely packed, round or slightly oval, electron-lucent vesicles with a diameter 
of ca. 50 nm. Occasionally, larger, round, electron-dense vesicles occur (Fig. 4a, inset). 
Mitochondria (mean diameter 0.3-0.4 ^m) are scarce. D-type terminals form asymmetrical 
synapses with a relatively short active site (0.2-0.5 ^m) that has a clear postsynaptic density. 
They are common (31%) and make synaptic contacts with dendrites and axons, and only 
rarely with neuronal somata (Table 1; Fig. 5).

L-type terminals (Fig. 4c-e) are much larger than D-type terminals (diameter ca. 1-3 
^m), contain similar vesicle populations as D-type terminals, reveal fair numbers of 
mitochondria and form long, asymmetrical active sites (0.5-1.0 ^m) that sometimes are split 
into two or more segments (Fig. 4c, d). They are the most frequent synapse type in the 
npEW, constituting more than half (55%; Table 1) of all synapses, and are common on 
axons and dendrites.



Ultrastructural characterization of the rat npEW | 25

Fig. 4. Ultrathin Spurr sections, revealing synapses (arrowheads,) in the npEW, with in (a) D-type terminal 
with presynaptic cluster of synaptic vesicles and postsynaptic density on axon and in inset same terminal type 
with additional large electron-dense vesicle (arrow) on dendritic spine, in (b) D-type terminal on soma, L-type 
terminals with split active site on axon (c) and on dendrite (d), in (e) divergent L-type terminal on two axons, 
and in (f) convergent synapses on axon. m, mitochondria. Scale bars: 250 nm.

Fig. 5. Ultrathin Spurr sections showing various presynaptic elements (arrowheads) in convergent 
configuration on axon (a) and D-type terminal on dendrite (b) of npEW-Ucn1 neurons that were identified on 
the basis of their characteristic secretory vesicles (arrows). Scale bars: 1 ^m.
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F-type terminals (Fig. 4f), having a diameter of ca. 1-2 ^m, contain a variable number 
of mitochondria and loosely distributed, mainly electron-lucent, vesicles of different shape 
with mean diameters of 50-70 nm. They can be distinguished from D- and L-type terminals 
because of their symmetrical active sites that are medium-sized (ca. 0.8 ^m). They are the 
least frequent synapse type in the npEW, constituting about 14% of all synapses, and make 
contact with axons and dendrites.

The npEW somata, dendrites and axons receive not only single but also multiple 
synaptic inputs, in which all terminal types (L-, D- and F-types) are involved (convergent 
synaptic configurations; Fig. 4f). Also divergent contacts occur, consisting of a presynaptic 
element that contacts two or more postsynaptic elements (Fig. 4e). Convergent and 
divergent terminals were only seen on axons and dendrites.

As to the Ucn1 neurons in the npEW, all three terminals types are mainly present on 
their axons (Fig. 4a) and dendrites (Fig. 4b). F-type terminals are scarce (Table 2). 
Convergent synapse configurations were commonly observed on axons of Ucn1-neurons 
(Fig. 4a).

Table 2. Relative frequencies of D-, L- and F-type presynaptic elements on soma, dendrite and axon of Ucn1 
neurons in the npEW of the rat. In total 50 elements were detected at random, and then categorized.

Soma (%) Dendrite (%) Axon (%) Total (%)
D-type 0 25.5 38.3 63.8
L-type 2.1 2.1 21.3 25.5
F-type 0 4.3 6.4 10.7

Total 2.1 31.9 66.0 100

Discussion

The present study has been carried out to characterize the npEW of the rat at the 
ultrastructural level, with special reference to Ucn1-containing neurons. For this purpose we 
followed two approaches: aldehyde fixation with osmium tetroxide postfixation and 
embedding in Spurr resin, and immunogold labeling of ultrathin sections of aldehyde-fixed 
and LR White-embedded material. Compared to our preliminary study with aldehyde 
fixation and pre-embedding immuno-electron microscopy (Kozicz et al., 1998), both 
techniques reveal strong advantages. The classical aldehyde-osmium tetroxide fixation yields 
superior tissue preservation whereas postembedding immunogold labeling of LR White 
sections provides highly specific localization of antigens (Ucn1 and CART) in well-defined 
secretory vesicles. Importantly, results obtained with one method appeared to be fully 
consistent with the other. As a result, the present study describes for the first time the 
detailed ultrastructural and immuno-electron microscopic characterization of the npEW, 
localizing Ucn1 and CART within the same secretory vesicles. This enables the future 
assessment of the secretory activity of the npEW-Ucn1 neurons on the basis of 
ultrastructural parameters, viz. the extent of the RER and Golgi apparatus and the presence 
of secretory vesicles. Furthermore, the present data provide insight in the synaptic 
connections within the npEW. Below, these results will be discussed into some detail.
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The ultrastructure of the npEW is characterized by the presence of a paired group of 
neuronal cell bodies that are intermingled with various bundles of fibers of which the 
unmyelinated ones form numerous synaptic contacts of various kinds. Below we will 
consider these elements into detail.

Both approaches to identify and characterize Ucn1 neurons, light and immuno- 
electron microscopically, have been successful, and revealed that the majority of neurons 
(about 70%) in the npEW contain Ucn1. This result supports the idea that the non- 
preganglionic part of the EW nucleus is a major site of Ucn1 production, in which it 
distinguishes itself from the rest of the nucleus (Weitemier et al., 2005). The ultrastructure of 
Ucn1 neurons reveals the typical picture of an active peptidergic cell with a high numerical 
density of cell organelles involved in the secretory process. The extensive RER reflects strong 
protein synthesis, whereas the ubiquitously present well-developed Golgi apparatus 
indicates that proteins are packaged into secretory vesicles at a high rate. This notion is 
supported by the presence of frequent signs of formation of mature secretory vesicles by the 
Golgi saccules. Furthermore, the rather low density of secretory vesicles in the cytoplasm 
strongly suggests that the secretory vesicles are not stored in the perikarya but are 
transported immediately after their formation by the Golgi apparatus via the axon to the 
axon terminals, to be secreted. High synthetic activity of the Ucn1 neurons is also apparent 
from the paucity of lysosomal structures, indicating a low rate of intracellular breakdown of 
secretory material and of other cell organelles (Roubos and Moorer-van Delft, 1976; Holt et 
al., 2006).

Our data concern the npEW of rats that have not been challenged by a stressor. 
Previously, light microscopy studies have shown that such neurons in unchallenged mice 
and rats contain appreciable amounts of Ucn1 mRNA, suggesting high secretory activity 
(Weninger et al., 2000; Kozicz et al., 2001; Gaszner et al., 2004). Here we provide direct 
evidence that these neurons are actively producing Ucn1. It is true that the amount of 
mRNA present in a cell does not necessarily indicate the activity state of the cell as this 
amount depends on the resultant of various intracellular processes, such as mRNA synthesis 
and mRNA breakdown. However, as the present data indicate, in case of Ucn1 neurons in 
the rodent npEW, the in situ hybridization mRNA signal does form a good parameter for 
secretory activity.

Subcellular localization o f CART together with Ucnl

During the past decade, CART has been recognized as a multifunctional neuropeptide 
with a main role in the control of food intake (Philpot and Smith, 2006; Rogge et al., 2008). 
CART coexists with various other neurotransmitters such as y-aminobutyric acid (Smith et 
al., 1999) and substance P (Hubert and Kuhar, 2005). Its co-existence with Ucn1 in the rat 
npEW was demonstrated by Kozicz (2003) at the light microscope level. Here we present 
evidence that CART in this nucleus is situated in secretory vesicles, indicating that is 
secreted as a neurotransmitter. Moreover, since our double immunolabeling reveals that 
secretory vesicles are immunoreactive to both Ucn1 and CART, it seems likely that Ucn1

Ultrastructure o f the npEW
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and CART are secreted simultaneously from the Ucnl neurons. In this respect, it is of 
interest that both CART and Ucnl are able to activate the HPA-axis (Stanley et al., 2001; 
Zalutskaya et al., 2007). The close association between Ucnl and CART in the npEW 
supports the idea that the npEW -Ucnl neurons are not only involved in the stress response 
but also play a role in the control of feeding activity (Weitemier and Ryabinin, 2006). This 
idea fits well with our recent demonstration of leptin receptors in these neurons (Xu et al., 
2009). Moreover, a role of the npEW in feeding behavior is supported by the notion that the 
nucleus projects to the lateral septum and, probably, to the raphe nucleus (Bittencourt et al., 
1999; Kitamura et al., 2006), brain areas implicated in feeding control (Takase et al., 2000; 
Wang and Kotz, 2002).

Synapse types in the npEW

Classically, the EW is considered as a parasympathetic motor control center involved 
in the regulation of the ciliary ganglion (Westphal, 1887; Burde and Williams, 1989). 
However, the more recent notion that the nucleus contains a non-preganglionic part that 
plays a role in stress responses and, possibly, also in control of feeding activity raises the 
question as to the way the activity of the npEW is regulated. The present ultrastructural 
study provides strong evidence that the npEW is complexly controlled by neuronal inputs 
that act via a wide variety of synaptic contacts on different types of postsynaptic element, 
including those of the Ucn1-neurons. Asymmetrical synapses are believed to be excitatory 
whereas symmetrical ones may be inhibitory (DeFelipe and Fariñas, 1992). Accordingly, the 
presence of both asymmetrical (D- and L-type) and symmetrical (F-type) presynaptic 
elements in the npEW and on the Ucn1-neurons suggests that this nucleus including its 
Ucn1 neurons receives both excitatory and inhibitory regulatory inputs. Although our study 
does not allow for the identification of the origin of these inputs, their high frequency, 
especially of D- and L-type elements, as well as the presence of convergent synaptic 
configurations on axons and dendrites, indicates that they are derived from various brain 
centers. On the basis of tract tracing studies, it has been proposed that the dorsal raphe 
nucleus (Loewy and Saper, 1978), lateral septum (Kitamura et al., 2006), suprachiasmatic 
nucleus (Pickard et al., 2002) and hypothalamic nuclei (Holstege, 1987; Pickard et al., 2002) 
are involved in the control of the npEW. The most frequently occurring synapses are 
axodendritic with electron-lucent vesicles with a diameter of about 50 nm. This morphology 
suggests that these vesicles contain acetylcholine, y-aminobutyric acid or glutamate (e.g. 
Garzón et al., 1999; Smith et al., 1999). Double immuno-electron microscopy by which both 
pre- and post-synaptic elements can be cytochemically identified, will have to reveal the 
neurochemical make up of synaptic inputs to the npEW, and to the Ucn1 neurons in 
particular.
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Abstract

Central stress regulatory pathways utilize various neuropeptides, such as urocortin-1 
(Ucnl) and cocaine- and amphetamine-regulated transcript peptide (CART). Ucn1 is most 
abundantly expressed in the non-preganglionic Edinger-Westphal nucleus (npEW). In 
addition to Ucn1, CART and nesfatin-1 are highly expressed in neurons o f the npEW, but the 
way these three neuropeptides act together in response to acute stress is not known. We 
hypothesized that Ucn1, CART and nesfatin-1 are colocalized in npEW  neurons and that 
these neurons are recruited by acute stress. Using quantitative immunocytochemistry and the 
reverse transcriptase polymerase chain reaction (RT-PCR), we support this hypothesis, by 
showing in B6C3F1/Crl mice that Ucn1, CART and nesfatin-1 occur in the same neurons o f 
the npEW  nucleus. More specifically, Ucn1 and CART revealed a complete colocalization in 
the same perikarya, while 90% o f these neurons are also nesfatin-1-immunoreactive. 
Furthermore, acute (restraint) stress stimulates the general secretory activity o f these npEW  
neurons (increased presence o f Fos) and the production o f Ucn1, CART and nesfatin-1: Ucn1, 
CART and nesfatin-1/NUCB2 mRNAs have been increased compared to controls by x1.8, x2.0 
and x2.6, respectively (P < 0.01). We conclude that in the mouse Ucn1, CART and nesfatin-1 
are specifically involved in the response o f npEW  neurons to acute stress.
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Introduction

The regulation of the stress response in the vertebrate central nervous system (CNS) is 
exerted by several neuropeptides. The neuronal and neuroendocrine activities of these 
molecules are crucial for adaptation to stressful stimuli from the continuously changing 
environment. Several studies have shown that corticotropin-releasing factor (CRF) and 
urocortin peptides are important mediators of central and peripheral stress responses (Vale 
et al., 1981; Perrin and Vale, 1999; Dautzenberg and Hauger, 2002; Bale and Vale, 2004; 
Hauger et al., 2006; Kozicz, 2007). The neuropeptide urocortin-1 (Ucn1; Vaughan et al., 
1995) is most abundantly expressed in the Edinger-Westphal nucleus (EW; Kozicz et al., 
1998; Bittencourt et al., 1999; Iino et al., 1999; Ryabinin et al., 2005; Weitemier et al., 2005). 
This nucleus is classically known as a cholinergic center controlling oculomotor function 
(Warwick, 1954; Klooster et al., 1993) but more recently it appeared that the EW consists of 
two distinct neuron populations: a cholinergic preganglionic one that projects to the ciliary 
ganglion, and a non-preganglionic one (npEW) containing neurons that produce several 
neuropeptides including Ucn1 (Saper et al., 1976; Burde et al., 1982; Vasconcelos et al., 2003; 
Ryabinin et al., 2005; Laursen and Rekling, 2006). Ucn1 is closely related to CRF and binds 
both CRF receptor 1 and 2 but has higher affinity for the latter receptor type, which seems to 
be important for the control of food intake (Smagin et al., 1998; Cullen et al., 2001; Tabarin 
et al., 2007). Because npEW-Ucn1 neurons strongly and selectively respond to various stress 
paradigms, they seem to be involved in stress adaptation (Weninger et al., 1999, 2000; 
Kozicz et al., 2001; Gaszner et al., 2004; Korosi et al., 2005; Kozicz, 2007). There is increasing 
evidence that central Ucn1 and CRF neuronal pathways represent two complementary stress 
adaptation systems that act in concert to respond to various acute stressors, whereas they 
exhibit opposite responses to chronic challenges (Weninger et al., 2000; Kozicz, 2007). The 
npEW nucleus contains, in addition to Ucn1, a high amount of cocaine- and amphetamine
regulated transcript peptide (CART; Couceyro et al., 1997; Kozicz, 2003). In rat, these 
peptides are colocalized in the npEW neurons, which are recruited by acute stressors 
(Kozicz, 2003; Gaszner et al., 2004). CART has been implicated in various central processes, 
including the stress adaptation response (Koylu et al., 2006; Stanek, 2006; Rogge et al., 2008). 
There seems to exist a bidirectional connectivity between CART and the hypothalamo- 
pituitary adrenal (HPA-) axis (Vrang et al., 1999; Stanley et al., 2001, 2004; Balkan and 
Kuhar, 2003; Chaki et al., 2003).

In addition to Ucn1 and CART, strong nesfatin-1-immunoreactivity (ir) has been 
demonstrated in the rat npEW (Brailoiu et al., 2007; Xu et al., 2009). Nesfatin-1 is a product 
of the nucleobindin2 (NUCB2) gene (Oh-I et al., 2006). In a recent study, Merali et al. (2008) 
have shown that intracerebroventricularly administered nesfatin-1 elicits a strong 
anxiogenic reaction, suggesting a role of this peptide in the stress adaptation response.

Whereas the presence of Ucn1 and its dynamics in response to various types of 
stressor have been well documented (for review see Kozicz, 2007), the possible presence and 
the response to stress of CART and nesfatin-1 in the npEW have not been investigated. 
Therefore, in the present study, we have tested the hypothesis that CART and nesfatin-1 are 
colocalized with Ucn1 in the mouse npEW neurons, and that stress would recruit the npEW
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(presence of Fos) and change its CART and nesfatin-1 expressions at both the 
transcriptional and translational levels. For this purpose, we carried out quantitative 
immunocytochemistry and RT-PCR studies.

Experimental Procedures

Animals

Twenty adult male B6C3F1/Crl mice with a body weight of 25-26 g (Charles River 
Laboratories Italia, Calco, Italy) were housed in groups of 5, in polycarbonate cages with ad 
libitum  access to food and tap water, at a 12:12 light-dark cycle (lights on at 07:00 a.m.) and 
controlled room temperature and humidity. They were allowed 2 weeks acclimation before 
the experiment, in which they were divided into 10 controls (Group 1) and 10 acutely 
stressed mice (Group 2). For restraint stress, mice were placed into polypropylene restraint 
tubes (25 mm diameter x 95 mm length), for 2 h. Control mice were kept in their home 
cages. All mice were sacrificed by decapitation. After opening the skull, brains were removed 
immediately. For immunocytochemistry, brains of 6 stressed and 6 control animals were cut 
along the cerebrocerebellar fissure, and the halves were placed into glass vials for tissue 
fixation (see later). For quantitative (Q)RT-PCR, the remaining brains were frozen on dry- 
ice. All experimental procedures were performed in accordance with the guidelines of the 
Italian legislation (Attuazione della direttiva 86/809 in materia di protezionedegli animali 
utilizzati a fini sperimentali o ad altri fini scientifici; Gazzetta Ufficiale 40: 5-23, 1992).

Fixation and sectioning

For immunocytochemistry, brains of Group 1 were put in 4% paraformaldehyde for
10 min and then fixed in a microwave («700W; Howell HMG-170N, Casoria, Italy) for 2 x 5 
sec, shaking them briefly (2 sec) between the two microwave sessions to ensure uniform 
fixation of the entire tissue. This step was followed by postfixation in 4% paraformaldehyde 
in 0.1 M sodium phosphate-buffered saline (PBS; pH 7.4), for 16 h at 4 °C, after which 
tissues were stored in autoclaved PBS, at 4 °C. Of each brain, 6 series of 20 ^m thick coronal 
sections were cut on a Leica VT 1000S vibratome (Leica Microsystems, Milan, Italy) at the 
level of the npEW (2.80-4.04 mm caudal to Bregma; see Paxinos and Franklin, 2006), and 
collected in PBS.

Immunocytochemistry

For free-floating immunofluorescence labeling, sections were rinsed 3 x 15 min in PBS 
and incubated in 0.5% Triton X-100 (Sigma Chemical, St. Louis, MO, USA), in PBS for 
30 min, to enhance antigen penetration, and then rinsed again 2 x 15 min in PBS. To block 
non-specific binding sites, sections were placed for 1 h in 5% normal donkey blocking serum 
(Jackson Immunoresearch Laboratories, West Grove, PA, USA) in PBS. For 
immunofluorescence of Ucn1, sections were incubated in primary polyclonal rabbit anti- 
Ucn1 serum (1:30,000; generous gift from Dr. W.W. Vale, The Salk Institute, La Jolla, CA, 
USA) in 5% normal donkey serum, for 18 h. After incubation, sections were rinsed 
2 x 15 min in PBS, followed by application of Cy3-conjugated donkey anti-rabbit IgG
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antiserum (1:100; Jackson ImmunoResearch Laboratories), for 2 h. For immunofluorescence 
of nesfatin-1, sections were incubated in primary polyclonal rabbit anti-nesfatin-1 serum 
(1:2,000; H-003-22B; Phoenix Pharmaceuticals, Burlingame, CA, USA) in the blocking 
serum, for 18 h, rinsed 2 x 15 min in PBS and finally incubated in the donkey anti-rabbit 
secondary antiserum, for 2 h.

For double and triple immunofluorescence, the steps of single staining were followed. 
However, sections were incubated in mixtures of primary polyclonal antisera, as follows. 
CART-Fos double staining: incubation with monoclonal mouse anti-CART serum (1:1,500, 
Ca6-1 F4D4; generous gift from Dr. J.T. Clausen, Novo Nordisk A/S, Bagverd, Denmark) 
and polyclonal rabbit anti-Fos serum (1:400, sc-52; Santa Cruz Biotechnology, Santa Cruz, 
CA, USA). Then a secondary antiserum cocktail of Cy2-conjugated donkey anti-mouse IgG 
(1:100) and Cy3-conjugated donkey anti-rabbit IgG (1:100) was applied. Triple staining of 
Ucn1-nesfatin-1-CART: incubation with polyclonal goat anti-Ucn1 serum (1:100; sc-1825; 
Santa Cruz Biotechnology), polyclonal rabbit anti-nesfatin-1 serum (1:2,000; H-003-22B; 
Phoenix Pharmaceuticals) and monoclonal mouse anti-CART serum (1:1,500). For all 
multiple stainings, the secondary antiserum cocktail consisted of Cy2-, Cy3- and Cy5- 
conjugated donkey anti-mouse IgG (1:100; Jackson ImmunoResearch Laboratories).

Sections from control and stressed animals were simultaneously processed for free
floating immunocytochemistry, mounted on gelatinized slides, dehydrated and coverslipped 
with Vectashield mounting medium for fluorescence (Vector Laboratories, Burlingame, CA, 
USA).

Antiserum characterization

The high specificity of rabbit anti-Ucn1 (Bittencourt et al., 1999; Turnbull et al., 1999), 
mouse anti-CART (Koylu et al., 1998), goat anti-Ucn1 (Haeger et al., 2005; Gaszner et al.,
2007), rabbit anti-nesfatin-1 (Xu et al., 2009) and rabbit anti-Fos (Gaszner et al., 2009a) sera 
has been previously reported. Briefly, preabsorption with the corresponding synthetic 
peptides completely eliminated all staining of all antisera in the mouse npEW. In addition, 
all antisera produced intense staining similar as obtained by others using the same serum 
(Koylu et al., 1998; Bittencourt et al., 1999; Brailoiu et al., 2007; Foo et al., 2008) or using 
other antisera (Smith et al., 1994; Haeger et al., 2005; Ryabinin et al., 2005; Gaszner et al., 
2007; Spangler et al., 2009). Furthermore, the anti-Ucn1 serum did not stain any cells in the 
brain of the Ucn1-knockout mouse. Similarly, the anti-CART serum did not stain any cell in 
the brain of the CART-knockout mouse (data not shown). At the present no nesfatin-1 - 
knockout mice are available, but with the anti-nesfatin-1 serum no neurons were stained in 
the Ucn1-rich lateral superior olive in the brainstem, nor in the CART-rich nucleus 
accumbens. In addition, primary antiserum omission or replacement of the antiserum by 
non-immune goat, rabbit or mouse serum at the dilution of the respective antiserum, 
completely prevented the immunoreaction.

Image analysis: cell counting and quantification

Images of the sections were taken with a x40 oil immersion objective lens and a Leica 
DM IRE2 inverted epifluorescence microscope (Leica Microsystems, Mannheim, Germany)
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attached to a confocal laser scanning unit Leica TCS SP2-AOBS. We used three different 
light channels: green 488 nm, blue 405 nm and red 543 nm. Confocal images were processed 
using Leica (DM IRE2) software and 8 bit digital images were taken at the resolution of 
1024 x 1024 pixels using the Leica digital camera software. Per animal, the average amounts 
of Fos, Ucn1, nesfatin-1 and CART in the npEW were estimated by counting the numbers of 
immunopositive neurons present in 4 serial sections at the midlevel of the npEW, and 
averaging these numbers per section. In addition, the specific signal density (SSD) of the 
respective immunostainings of perikarya immunopositive for Ucn1, CART and nesfatin-1 
was measured in 10 randomly taken perikarya per section using Image J software (version 
1.41; NIH, Bethesda, MD, USA), corrected for the background density outside the npEW, 
and expressed in arbitrary units per perikaryon. All determinations were made by an 
observer experienced in neuron morphometry but unaware of the identity of the sections.

RNA extraction and cDNA synthesis

Frozen brains were cut using a coronal brain matrix (cat no: 15007; Ted Pella, Redding, 
CA, USA) between the cerebellum and both hemispheres. Then a 1 mm thick slice was made 
by coronal cuts with two razor blades, placed on a chilled mat, and the area of interest 
punched out with a Harris Unicore Hole 1.0 mm puncher (Ted Pella). The punch was made 
at the midlevel of the npEW, between Bregma -2.8 mm and -4.0 mm (Paxinos and Franklin, 
2006), included minor parts of the ventral periaqueductal gray and oculomotor nuclei, but 
mainly consisted of the npEW (for details, see Gaszner et al., 2009a). Punched samples were 
collected in 500 |il ice-cold Trizol (Invitrogen, Carlsbad, CA, USA) and homogenized by 
sonication. After chloroform extraction and isopropyl alcohol/glycogen precipitation, RNA 
was dissolved in 20 ^l RNAse-free DEPC. The RNA concentrations were measured with an 
Eppendorf Biophotometer (Vaudaux-Eppendorf AG, Basel, Switzerland). First strand cDNA 
synthesis was performed using 0.11 |ig RNA dissolved in 11 |al MQ containing 0.25 mU 
pd(N)6 random primers (Roche, Basel, Switzerland) at 70 °C for 10 min, followed by 
double-strand synthesis in 1x first strand buffer (Invitrogen), with 10 mM DTT (Invitrogen), 
20 U Rnasin (Promega, Madison, WI, USA), 0.5 mM dNTPs (Roche) and 100 U Superscript 
II (Invitrogen), at 37 °C for 75 min and at 95 °C for 10 min.

Real-time quantitative RT-PCR (qRT-PCR)

Real-time qRT-PCR was performed in a total volume of 25 |il buffer solution 
containing 5 ^l of template cDNA, 12.5 ^l 2x SYBR Green Master mix (Applied Biosystems, 
Foster City, CA, USA), 1.5 |il MQ and 15 pM of each primer. Primers for Ucn1, CART, 
NUCB2 and the housekeeping gene 18S were designed using Vector Primer Express 
software (Applied Biosystems). Primer pairs were as follows: 18S, 5'- 
CCATCCAATCGGTAGTAGCG-3' and 5'-GTAACCCGTTGAACCCCATT-3'; Ucn1, 5'- 
ACTGGGCAGACACTCCGATAAC-3' and 5'-TCCACTGGCTGCTCTCCG-3'; CART, 5'- 
CGCCTTGGCAGCTCCTT-3' and 5'-CCGAGCCCTGGACATCTACTC-3'; NUCB2, 5'- 
AGTTCATCCAGTCTCGTCCTCAC-3' and 5'-TGGAAACAGATCCGCATTTCA-3'. The 
optimal temperature cycling protocol was determined to be 95 °C for 10 min followed by 40 
reaction cycles at 95 °C for 15 sec and at 60 °C for 1 min, using a 7500 GeneAmp PCR
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system (Applied Biosystems). The absolute cDNA quantities were determined, using 
standard curves, with Applied Bioscience 7500 System Software. Efficiencies of the primer 
pairs were for Ucnl: 1.89 (r2 = 0.982), NUCB2: 1.91 (r2 = 0.981), CART: 1.90 (r2 = 0.993), 
and 18S: 2.04 (r2 = 0.991). Relative gene expression ratios, calculated as the quantity of Ucn1, 
CART or NUCB2 mRNA divided by quantity of 18S mRNA, were used to evaluate 
differences. Two independent qRT-PCR runs were performed. They gave essentially the 
same results.

Statistical analysis

A random selection procedure was maintained throughout the experiment. The results 
are presented as the mean ± standard error of the mean (SEM). Data were analyzed by 
Student's t-test (a = 5%).

Results

Colocalization o f Ucn1, CART and nesfatin-1

The presence of Ucn1, CART and nesfatin-1 was studied by immunocytochemistry of 
sections through the npEW of unstressed (control) mice. Single immunolabelings showed 
that many perikarya in the npEW were clearly immunoreactive for these neuropeptides. To 
test the possible colocalization of these peptides, we performed triple immunocytochemistry. 
This demonstrated that Ucn1-ir and CART-ir were almost 100% colocalized in the same 
neurons, whereas about 90% of these neurons also exhibited nesfatin-1-ir (Fig. 1).
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Fig. 1. Triple immunofluorescence of Ucnl (green, A), CART (blue, B) and nesfatin-1 (red, C) in the mouse 
npEW. The overlay of A with B and C reveals the high degree of co-existence of the three neuropeptides in the 
same perikarya (D). Scale bars: 20 ^m.

Immunocytochemical determination o f Fos and peptide amounts

To assess the general level of activity of the npEW in response to acute (restraint) 
stress, Fos-immunocytochemistry was carried out (Fig. 2A, B) and the number of npEW 
neurons showing Fos-ir was counted (Fig. 2C). In controls, this number was 2.7 times lower 
than in stressed animals (3.0 ± 1.6 vs. 8.0 ± 1.8; P < 0.001). To test if CART-containing 
neurons are recruited by stress, we determined the number of neurons colocalizing CART 
and Fos. Although this number was low in control mice (ca. 3% of all CART-positive cells), 
upon restraint stress the number increased by 4 times (Fig. 3).
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Fig. 2. Neuronal activation in the npEW upon restraint stress, as shown by immunocytochemical 
demonstration of Fos in the npEW of control (A) and stressed mice (B). (C) Numbers of Fos-immunopositive 
cell nuclei. Means ± SEM; n = 6. * indicates significant difference (P < 0.01) with control mice. Scale bars: 
20 ^m.
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Fig. 3. Neuronal activation in the npEW upon restraint stress of neurons colocalizing Fos and CART. (A) 
Controls, (B) stressed mice. (C) Numbers of Fos- and CART-immunopositive neurons. Means ± SEM; n = 6. * 
indicates significant difference (P < 0.01) with control mice. Scale bars: 20 ^m.
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To detect a possible effect of stress on the amounts of Ucn1, CART and nesfatin-1 in 
the npEW, we counted the numbers of neurons immunopositive to these peptides and 
determined the SSD of the respective immunoreactivities per individual neuronal 
perikaryon (Fig. 4). Neither parameter revealed a significant effect of stress for any of the 
three factors.

Fig. 4. Quantitation of Ucnl-, CART- and nesfatin-1-immunoreactivities in the npEW of control and stressed 
mice. (A) Numbers of immunopositive cells. (B) SSD per perikaryon, expressed in arbitrary units (a.u.). 
Means ± SEM; n = 6. For none of the peptides a significant effect of stress exposure was observed.

QRT-PCR determination o f mRNA

QRT-PCR was carried out to test for stress-induced changes in the expression of Ucnl, 
CART and NUCB2 mRNAs. As shown in Fig. 5, the mRNA contents of the npEW were 
clearly higher in stressed animals than in controls, namely xl.8 for CART mRNA, x2.0 for 
NUCB2 mRNA and x2.6 for Ucnl mRNA (P < 0.05).

Fig. S. QRT-PCR of Ucnl, CART and NUCB2 mRNAs in the npEW of control and stressed mice, expressed as 
the ratio between the mRNA amounts of Ucnl, CART and nesfatin-l, and the l8S mRNA amount, in arbitrary 
units (a.u.). Means ± SEM; n = 4. * indicates significant difference (P < 0.05) with control mice.
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Discussion

In this study, we have tested our hypothesis that acute stress affects the activity of 
neurons producing Ucn1, CART and nesfatin-1 in the npEW of the mouse. The results 
support this hypothesis for the following reasons: (1) npEW neurons co-expressed Ucn1, 
CART and nesfatin-1, (2) acute restraint stress recruited npEW neurons, and (3) restraint 
stress substantially increased Ucn1, CART and NUCB2 mRNA amounts. Below, we will 
discuss these findings in more detail.

Colocalization o f Ucn1, CART and nesfatin-1 in npEW  neurons

Previously, Foo et al. (2008) showed the colocalization of nesfatin-1 and CART in 
npEW neurons in the rat. Recently, we extended this finding by demonstrating the triple co
existence of Ucn1, CART and nesfatin-1 in the rat npEW (Xu et al., 2009). In the current 
study, we have found an almost complete colocalization of Ucn1, CART and nesfatin-1 in 
the mouse npEW, a finding suggesting that the colocalization of these peptides is conserved 
between rodent species. This supports the idea that npEW-neurons producing Ucn1, CART 
and nesfatin-1 exert important physiological functions.

Stress-induced recruitment o f the npEW

Here we demonstrate by several methods for the detection of Fos and peptide 
expression, that acute restraint stress recruits neurons in the mouse npEW. The existence of 
stress sensitivity of the mouse npEW has been debated. Several studies have revealed an 
increase in immunoreactivity of the inducible transcription factors Fos and erg-1 following 
exposure to various environmental challenges in rats and birds (Kozicz, 2003; Gaszner et al., 
2004; Cunha et al., 2007). However, Spangler et al. (2009) reported that mice exposed to 
such environmental challenges including restraint stress, did not activate immediate early 
genes, indicating that the mouse npEW is not sensitive to (restraint) stress. Our present data 
contradict this idea, as they show that restraint stress increases Fos expression as well as the 
amounts of Ucn1, CART and NUCB2 mRNAs stored in the mouse npEW. Our result may 
be related to the use of a different strain of mice. It is widely accepted that strain differences 
exist for behavioral traits (Crawley et al., 1997) and that molecular outcomes may strongly 
depend on the genetic background of inbred mouse strains. We have used B6C3F1/Crl mice 
whereas Spangler et al. (2009) studied C57Bl/6J mice. B6C3F1 is a first-generation hybrid 
strain produced by crossing C57BL/6 females and C3H males (Kalueff et al., 2007). 
Dissimilar sensitivity to stressors, anatomical differences and/or a different stress-reactivity 
of npEW neurons between C57BL6/J animals and B6C3F1/Crl may explain why we found 
an effect of stress on the npEW. It has to be noted, however, that in our study acute restraint 
stress recruited considerably less npEW neurons than usually seen after acute (e.g. ether, 
restraint, lipopolysaccharide) stress in the rat npEW (Gaszner et al., 2004), suggesting that 
the degree of stress-induced activation of npEW neurons depends at least for some part on 
the species and the type of stressor. Different effects of different types of acute stressor on 
npEW activity have also been previously demonstrated in the rat (Gaszner et al., 2004).
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For the first time in the mouse model, we here show by Fos-immunocytochemistry 
that npEW neurons can be recruited by acute (restraint) stress. Interestingly, our 
immunocytochemical double-labeling study demonstrates that not all npEW neurons 
exhibiting Fos-ir produce Ucn1, CART or nesfatin-1. This suggests that restraint stress 
recruits, in addition to Ucn1-, CART- and nesfatin-1-producing neurons, still another 
neuron population in the npEW. Indications for the existence of a non-urocortinergic, 
stress-sensitive neuron population in the npEW were also found in acutely (restraint) 
stressed rats exposed to maternal deprivation (Gaszner et al., 2009a). In view of their stress- 
sensitivity, these neurons might have an interneuron function controlling the activity of the 
‘principal’ npEW-neurons expressing Ucn1, CART- and nesfatin-1, an assumption that 
deserves further study.

Acute stress affects the secretory activity o f npEW  neurons

We have found marked increases in the respective mRNA amounts upon restraint 
stress in the npEW, whereas the respective neuropeptide amounts at the npEW level and in 
individual neurons remained unaffected by the stressor. At first sight, this result would seem 
to suggest that in these neurons the processes of gene transcription and protein translation 
are not coupled: while mRNA changes can already be observed after a short period of stress 
exposure, longer exposure times may be required to detect the expected protein increase 
after gene transcription. However, as it may be assumed that increased Fos-ir and increases 
in the amount of mRNA reflect increased neuronal secretory activity, it seems more likely 
that restraint stress activates outward transport of neuropeptide-containing secretory 
vesicles towards synaptic terminals and activates to the same degree the neuropeptide 
production, leaving the net amount of stored neuropeptide in the perikaryon unchanged. So, 
as long as no methods are available to measure directly the amount of neuropeptide released 
from the npEW, we will assume that restraint stress activates both the production and 
secretion of Ucn1, CART and nesfatin-1 from mouse npEW neurons.
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Abstract

Cocaine- and amphetamine-regulated transcript peptide (CART) and nesfatin- 
1/nucleobindin 2 (NUCB2) are assumed to play a role in feeding and adaptation to stress. 
Both peptides are highly expressed in the midbrain non-preganglionic Edinger-Westphal 
nucleus (npEW), a center implicated in the regulation o f stress adaptation and in the 
pathogenesis o f  stress-induced brain disorders, in a sex-specific manner. The present study was 
undertaken to test whether CART and nesfatin-1 are involved in these actions o f the npEW  in 
the rat. Acute restraint and chronic variable mild stress were used. Following stress, 
physiological parameters (serum corticosterone levels, body, adrenal and thymus weights) were 
determined, and in the npEW  nucleus CART and nesfatin-1 immunoreactivities as well as 
m RNA amounts were analyzed. Our results show the following changes: (1) Acute stress 
resulted in an increase in serum corticosterone levels that was higher in females; (2) In males, 
data on corticosterone and body weight gain and in females, data on body weight gain 
revealed an effect o f chronic stress; (3) Both acute and chronic stress activated CART- and 
nesfatin-1 neurons in the npEW, as appeared from  increased cFos-immunoreactivity; (4) 
Chronic, but not acute stress increased the amounts o f CART and nesfatin-1 in both males 
and females; (5) Neither acute nor chronic stress had an effect on CART and NUCB2 mRNA  
contents o f npEW  neurons in either sex. Taken together, our data suggest that CART and 
nesfatin-1 are involved in the response o f npEW  neurons to chronic stressors.
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Introduction

In the past decade cocaine- and amphetamine-regulated transcript peptide (CART) 
has emerged as a major neurotransmitter/neuromodulator (Pae et al., 2007; Rogge et al.,
2008). CART is widely distributed in the central nervous system (CNS), and is involved in 
the regulation of various processes, including energy metabolism, reward, endocrine 
functions and mood (Couceyro et al., 1997; Koylu et al., 1998; Miraglia del Giudice et al., 
2006; Rogge et al., 2008). Although recent studies have produced a wealth of information on 
the location and biological significance of CART, additional studies are needed to elucidate 
the physiological effects of CART in brain areas that have not received sufficient attention so 
far. One such brain area is the non-preganglionic Edinger-Westphal nucleus (npEW) 
located in the rostroventral periaqueductal grey in the midbrain, one of the evolutionary 
well conserved and richest sites of CART expression in the vertebrate CNS (Koylu et al., 
1998; Kozicz, 2003; Lazar et al., 2004; Rogge et al., 2008).

The Edinger-Westphal nucleus is classically known as the center for preganglionic 
cholinergic neurons innervating the ciliary ganglion, which controls the ciliary and 
sphincter pupillary muscles (Edinger, 1885; Westphal, 1887). The localization of urocortin-1 
(Ucn1) in this midbrain center, and the several pieces of evidence linking the Ucn1 system 
in the rostral midbrain to numerous important behaviors such as stress adaptation and 
alcohol consumption, has opened renewed interest into this midbrain nucleus (Vaughan et 
al., 1995; Kozicz et al., 1998, 2002; Bittencourt et al., 1999; Skelton et al., 2000; Bachtell et al., 
2003, 2004; Gysling et al., 2004; Kozicz, 2007; Pan and Kastin, 2008; Fonareva et al., 2009; 
Neufeld-Cohen et al., 2009; Vilpoux et al., 2009). Interestingly, CART colocalizes with Ucn1 
to a very high degree (Kozicz, 2003; Van Wijk et al., 2009).

Another recently identified neuropeptide that reveals a strong presence in the npEW 
nucleus is nesfatin-1 (Brailoiu et al., 2007; Foo et al., 2008; Stengel et al., 2009; Xu et al.,
2009), the product of the nucleobindin-2 gene (NUCB2; Oh-I et al., 2006). Nesfatin-1 in the 
hypothalamus was modulated by starvation and refeeding, and intracerebroventricular 
administration of nesfatin-1 dose-dependently inhibited food intake for 6 h in rats (Oh-I et 
al., 2006). Interestingly, nesfatin-1 has been recently demonstrated as a neuropeptide tied to 
the stress response (Merali et al., 2008). More specifically, nesfatin-1 is a strong anxiogenic 
agent when administered intracerebroventricularly to rats (Merali et al., 2008).

Based on the facts that CART and nesfatin-1 are localized in the midbrain npEW 
nucleus and that this nucleus has an established role in stress adaptation, in this study we 
tested our hypothesis that stress would recruit npEW neurons and would alter the 
expression of CART and nesfatin-1. For this, we applied acute and chronic variable mild 
stress (CVMS) paradigms and used semi-quantitative immunohistochemistry and the 
quantitative reverse transcriptase polymerase chain reaction (QRT-PCR) to determine 
neuronal peptide and mRNA contents, respectively. The CVMS paradigm is a well-validated 
way to induce depression-like behavior in rodents and is sensitive to chronic antidepressant 
treatment. It also emphasizes the predominant role of stress in the etiology of major 
depression (Willner, 2005; Deussing, 2006; Marin et al., 2007).
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Since significant differences exist in the stress response between males and females 
(Kessler et al., 2003; Afifi, 2007) and neurons in the npEW express the estrogen receptor p 
(Mitra et al., 2003; Derks et al., 2007), we extended our analysis to both male and female rats.

Experimental procedures

Rat experimentation

Two groups of 3 months old Wistar-R Amsterdam rats, 36 males and 36 females (in 
random phases of their reproductive cycle) were housed in standard plastic cages (40x25x20 
cm3; 6 animals/cage) under standard vivarium conditions (22 °C; lights on at 6:00 a.m., 
lights off at 6:00 p.m.) and were fed ad libitum. Rats were divided into 3 groups (n = 
12/group/gender): control, acutely stressed and CVMS rats.

Acute stress was applied by restraining rats for 1 h in a plastic tube (length 200 mm, 
diameter 45 mm with several ventilation holes at its side and top). CVMS rats were exposed 
daily to series of unpredictable variable mild stressors (Marin et al., 2007), for 14 days (see 
Table 1). Control rats were handled in exactly the same way as stressed animals but were not 
exposed to stressors.

Table 1. List of stressors used over the 14-day chronic variable mild stress (CVMS) paradigm

Day Stress type
1 Swim stress, 2 min (4 °C); humid sawdust, 3 h
2 Food/water deprivation, permanent
3 Lights on, overnight; humid sawdust, permanent
4 Lights off, 180 min; swim stress, 2 min (4 °C)
5 Food/water deprivation, overnight; isolation, overnight
6 Cold isolation (4 °C), 15 min; lights off, 120 min
7 Swim stress, 4 min (12 °C); food/water deprivation, overnight
8 Inverted light/dark cycle; humid sawdust, overnight
9 Constant light, overnight; food/water deprivation, overnight

10 Lights off, 180 min; humid sawdust, permanent
1 1 Isolation, overnight; food/water deprivation, overnight
12 Restraint stress, 60 min; lights on, overnight
13 Inverted light/dark cycle; food/water deprivation, overnight
14 Restraint stress, 60 min

Animals were randomly selected for either fixation (n = 6/group) or decapitation by 
guillotine (n = 6/group). For fixation, 60 min after the (last) exposure to a stress (restraint), 
between 10:00 and 11:00 a.m., animals were deeply anesthetized with nembutal (sodium- 
pentobarbital; Sanofi, Budapest, Hungary; 100 mg/kg body weight), and then transcardially 
perfused with 50 ml of 0.1 M sodium phosphate-buffered saline (PBS; pH 7.4) for 2 min, 
followed by perfusion with 250 ml of ice-cold 4% paraformaldehyde in 0.2 M Millonig 
sodium phosphate buffer (pH 7.4), for 20 min. Perfusion was initiated within 10 min after 
the first touching of the animal's cage. After perfusion, rats were rapidly decapitated, their 
brains quickly removed and postfixed in the same fixative solution, for 12 h.
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For decapitation, 60 min after the (last) exposure to a stress (restraint), between 10 and
11 a.m., animals were decapitated within 2 min after the experimenter had entered the room. 
After collections of 3 ml trunk blood in EDTA-tubes for corticosterone assay, brains were 
quickly removed and kept on dry ice. Also adrenal glands and thymus including their 
capsules, were removed and kept in physiological saline.

All animal procedures were conducted in accordance to the animal use guidelines of 
the Medical Faculty Committee for Animal Resources of Pecs University, Pecs, Hungary 
(animal protocol #BA02/2000-20/2006). All measures were taken to minimize the number 
and suffering of rats.

Organ weights

Body weights of control and CVMS rats (n = 12 per group) were determined at day 0 
and day 14. Adrenal gland and thymus (n = 6 per group) were dried on the outside with 
paper and fat tissue was removed. Then they were weighed and outcomes normalized to 
total body weight.

Corticosterone measurements

Corticosterone radioimmunoassay was performed with 5 |ol of a blood serum sample 
as described previously (Gaszner et al., 2004), using 3H-corticosterone (12,000 cpm; 90-120 
Ci/mmol, NET-399; Perkin-Elmer, Boston, MA, USA) and CS-RCS-57 antiserum (Jozsa et 
al., 2005). The inter- and intra-assay co-efficients of variation were 9.2% and 6.4%, 
respectively.

Antisera characterizations

For details about each of the antisera, immunogens, host, manufacturer and dilutions 
used, see Table 2. Mouse antiserum against CART has been preabsorbed with 0.1, 1 and 10 
|ig recombinant CART 41-89 peptide (generous gift from J.T. Clausen; Novo Nordisk A/S, 
Bagverd, Denmark; Thim et al., 1998) that completely abolished immunoreactivity. In our 
samples the antiserum produced intense staining in the npEW similar to that obtained by 
others using another anti-CART serum, and our staining was in agreement with the 
distribution of CART in the midbrain as reported by Koylu et al. (1998).

The rabbit polyclonal nesfatin-1 antiserum recognizes a single band of approximately 
43 kDa molecular weight on Western blot of rat brain (data sheet Phoenix Pharmaceuticals, 
Burlingame, CA, USA). Therefore, it detects the full-length NUCB2 protein (prepro- 
nesfatin-1). In our samples the antiserum produced a staining pattern identical to that 
reported before (Foo et al., 2008).

The sheep polyclonal cFos antiserum recognizes an approximately 55 kDa band on 
Western blot. Preabsorption of the serum with 0.1, 1 and 10 ^g of cFos (Cambridge 
Research Biochemicals, Cambridge, UK) completely abolished staining in the npEW 
neurons. In addition, the staining pattern we obtained with this antiserum was in agreement 
with previous findings by us and others on cFos immunohistochemical data using other 
antisera (Gaszner et al., 2004, 2007; Spangler et al., 2009).
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Table 2. Overview of types, sources and dilutions of primary antisera used in this study

Antigen Immunogen Host Source
Dilution

used

cFos

Synthetic peptide
KVEQLSPEEEEKRRIRRERNKMAAA 
corresponding to amino acids 128-152 of 
human cFos

Sheep;
polyclonal

Cambridge 
Research 
Biochemicals, 
Cambridge, UK 
#OA-11-84

1:1,000

CART

Purified recombinant CART (41-89); 
YSAVDDASHEKELIEALQEVLKKLKSKRVPI 
YEKKYGQVPMCDAGEQCA; for details see 
Thim et al. (1998)

Mouse;
monoclonal

Dr. J.T. Clausen, 
Novo Nordisk A/S, 
Bagverd, Denmark 
#Ca6-1 F4D4

1:1,500

Nesfatin-1

Synthetic peptide
VPIDVDKTKVHNVEPVESARIEPPDTGLYY 
DEYLLQVIEVLETDPHFREKLQKADIEEIRSG 
RLSQELDLVSHKVRTRLDEL corresponding 
to amino acids 1-82 of rat nesfatin-1

Rabbit;
polyclonal

Phoenix
Pharmaceuticals, 
Burlingame, CA, 
USA
#H-003-22B

1:700

In all cases omission of the primary antiserum or replacement of the serum by 
nonimmune mouse, rabbit or sheep sera at the dilution of the respective antiserum, 
completely prevented immunoreaction.

Immunohistochemistry

Each rostral midbrain containing the npEW, was cut in parallel sets of 25 ^m coronal 
sections, on a freezing microtome. Sections were stored in antifreeze solution (30% glycerol, 
20% ethylene glycol and 0.1 M sodium phosphate buffer, pH 7.4) at -20 °C. 
Immunocytochemistry was done according to our standard protocol (Kozicz et al., 2008). 
Briefly, sections were treated with 0.5% Triton X-100 (Sigma-Aldrich, Zwijndrecht, The 
Netherlands), for 30 min, and incubated in a mixture of the following primary antisera in 
2% normal donkey serum, for 48 h at 4 °C: polyclonal rabbit anti-nesfatin-1, monoclonal 
mouse anti-CART, and polyclonal sheep anti-cFos (for details see Table 2). The secondary 
antisera Cy^-conjugated anti-sheep IgG (1:80), Cy2-conjugated anti-mouse (1:100) and Cy3- 
conjugated anti-rabbit IgG (1:100) (Jackson ImmunoResearch, Newmarket, UK) were 
applied for 3 h. Following several rinses in PBS, sections were mounted on glass slides. To 
allow reliable quantification of the fluorescent immunohistochemical signal, no 
amplification steps were included in our protocol.

Quantitative RT-PCR

Using a coronal brain matrix (no. 15007; Ted Pella, Redding, CA, USA), 1 mm-thick 
coronal slices were cut with a razor blade from frozen brains, and placed on a chilled mat 
and the npEW punched out with a Harris Unicore Hole 1.0 mm puncher (Ted Pella). 
Punched samples were collected in 500 ^l ice-cold Trizol (Life Technologies, Paisley, UK). 
For further details see Gaszner et al. (2009b). RNA was extracted with chloroform, 
precipitated with isopropyl alcohol, and dissolved in 30 ^l RNAse-free DEPC. Total RNA
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was measured with an Eppendorf Biophotometer (Vaudaux-Eppendorf AG, Basel, 
Switzerland). First strand cDNA synthesis was performed using 1 ^g RNA dissolved in 11 |ol 
RNAse-free DEPC containing 0.25 mU pd(N)6 (random primers; Roche, Almere, The 
Netherlands) at 70 °C for 10 min, followed by double-strand synthesis in 1x strand buffer 
(Life Technologies) with 10 mM DTT, 20 U Rnasin (Promega, Madison, WI, USA), 0.5 mM 
dNTPs (Roche) and 100 U reverse transcriptase (Superscript II; Life Technologies), at 37 °C 
for 75 min and at 95 °C for 10 min.

QRT-PCR was performed according to our standard protocol (Derks et al., 2008; 
Kozicz et al., 2008). In brief, a total volume of 25 |ol buffer solution contained 5 |il of 
template cDNA, 12.5 |il SYBR Green Master mix (Applied Biosystems, Foster City, CA, 
USA), 1.5 |il DEPC-treated MQ and 15 ^M of each primer. Primers (18S; Acc. number: 
EU139318; reverse primer: CCATCCAATCGGTAGTAGCG; forward primer: 
GTAACCCGTTGAACCCCATT; rCART; Acc. number: NM_017110; reverse primer: 
CGCCTTGGCAGCTCCTT; forward primer: CCGAGCCCTGGACATCTACTC; and 
rNUCB2; Acc. number: NM_021663; reverse primer: AGTTCATCCAGTCTCGTCCTCAC; 
forward primer: TGGAAACAGATCCGCATTTCA) were designed using Vector 
PrimerExpress software (Applied Biosystems) based on the respective rat cDNA sequences. 
All primer efficiencies (PE) were between 1.8 and 2.1 throughout all runs. Melting curve 
analysis showed a single component confirming the formation of a specific PCR product. All 
QRT-PCR reactions were carried out in triplicate. Data were analyzed using an equation in 
which average fold change in target gene expression equaled PE-AACt. The AACt was 
calculated as average Ct of target minus average Ct of 18S. The resulting AACt values were 
then converted to a linear form by the PE-AACt method.

The expression of the housekeeping gene 18S was stable throughout all runs and in all 
experimental conditions. Therefore, 18S data were used to correct for possible 
methodological variations in the QRT-PCR data.

Image analysis o f immunoreactivity

Confocal microscopy was carried out with a Leica confocal laser scanning microscope 
equipped with a Leica DM IRE2 inverted epifluorescence laser with bright field, using a 488 
nm argon laser and a 561 nm orange laser (Leica Microsystems, Wetzlar, Germany) and x20 
dry and x63 oil immersion objectives. The fluorescent signal from each image was 
thresholded at the same level to eliminate saturation. Images were taken using sequential 
scanning for each channel, with the same settings in laser intensity, detector gain, and 
amplifier offset. Images were saved in tagged image file format (TIFF) to prevent loss of 
information. Quantification was performed using Image J software (NIH, Bethesda, MA, 
USA). The cFos-, CART- and nesfatin-1-immunoreactive (ir) neurons were counted at the 
midlevel of the npEW (Bregma -5.3 to -6.5 mm) in four serial sections cut medially through 
the npEW, interspaced by 75 ^m. The same sections and neurons were used to quantify the 
amounts of CART and nesfatin-1 per neuron, using the Image J software. Specifically, a 
circle of 10 ^m in diameter was placed over the cytoplasm of 10 randomly taken neurons per 
slice, per animal (the average size of a neuron in the npEW is 20-25 ^m) to measure the 
respective signal densities of CART and nesfatin-1 immunoreactivities of individual neurons.
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In this way, possible stress-related changes in cell size could not influence our measurements. 
Data were corrected for background density present in the same section to obtain the 
specific signal density (SSD). Data were averaged per section providing one value per animal.

Digital imaging o f illustrations

Digital images of sections were taken at 1,200 x 1,600 dpi, using the Leica confocal 
laser scanning microscope. They were imported into Adobe Photoshop 7.0, and if necessary 
digitally adjusted as to brightness and contrast, and assembled into plates at a resolution of 
400 dpi.

Statistical analysis

Random selection procedures were maintained throughout the experiments and 
measurements were made by a technically skilled observer unaware of the identity of the 
experimental animals. The results are presented as the mean ± the standard error of the 
mean (SEM). To compare the data of the different conditions, two-way analysis of variance 
(ANOVA; StatSoft, Tulsa, OK, USA) was performed, after appropriate (square root) 
transformation of some data on the basis of tests for normality (Shapiro and Wilk, 1965) and 
homogeneity of variance (Bartlett's Chi-square-test; Snedecor and Cochran, 1989). Post-hoc 
analyses were carried out with Bonferroni's test, using Statistica (StatSoft). In all cases, a  was 
5%.

Results

Colocalization

CART-ir and nesfatin-1-ir colocalized in most of the npEW neurons (Fig. 1A-D). The 
percentage of nesfatin-1-positive cells that showed colocalization with CART- positive cells 
was 98.6 ± 0.4%, whereas 79.8 ± 1.3% of the CART-positive cells exhibited nesfatin-1-ir (Fig. 
1A-D).

A p g  B I C

npEW

I I I

nflm

Fig. 1. Double-labelling fluorescent images of the distribution and colocalization of CART (A) and nesfatin-1 
(B) in the rat non-preganglionic Edinger-Westphal nucleus (npEW) (A-D). (C) and (D) are merged confocal 
images depicting the colocalization of CART and nesfatin-1. Picture (D) is a detail of (C). nflm, nucleus of the 
medial longitudinal fascicle; PG, periaqueductal grey; III, main oculomotor nucleus. Scale bars A-C: 100 ^m; D:
25 ^m.
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Physiological effects o f  acute and CVM  stressors

Corticosterone values 120 min after the initiation of the last stressor of the various 
experimental groups are presented in Fig. 2A. ANOVA revealed a significant sex (£2,30 = 
10.98, P < 0.002), stress (£2,30 = 8.1, P < 0.0015) and sex x stress (£2,30 = 3.55, P < 0.041) effect. 
Post-hoc analysis of data revealed a significant difference between all control and acute 
groups (P < 0.01) in both sexes. Control males also showed significantly lower (P < 0.01) 
serum CORT levels than CVMS males. Acutely stressed males were not different from 
CVMS males (P = 0.69). In contrast, acutely stressed females showed higher serum CORT 
levels than CVMS females (P < 0.001), but female controls were not obviously different from 
CVMS females.

Fig. 2. Effect of chronic variable mild stress on serum corticosterone (A), body (B), relative adrenal (C) and 
relative thymus weights (D). Vertical bars represent means + SEM. Letters on top of columns indicate the 
experimental group (letters in the bars) with which significant difference (P < 0.05) exists. Asterisk indicates 
significant difference (P < 0.05) between the respective male and female groups

The weights of the rats in the control and CVMS group were measured on day 0 and 
day 14. On day 0, there was only a significant difference between male and female rats (£1,44 
= 58.7, P < 0.0001). Although chronically stressed females had a lower average body weight 
than control females on day 0, the difference did not reach statistical significance (P = 0.083). 
On day 14, CVMS resulted in a significant difference in body weight and weight gain in both 
sexes (Fig. 2B). ANOVA revealed both a sex (£1,44 = 72.6, P < 0.0001 for body weight; £ 1,44 = 
6.1, P < 0.05 for weight gain) and a stress effect (£1,44 = 7.0, P < 0.05 for body weight; £ 1,44 = 
6.5, P < 0.05 for weight gain). In addition, the adrenal and thymus were weighed after the 
experiment and normalized with respect to the total body weight. The relative adrenal
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weight showed a sex (£1,20 = 51.4, P < 0.001) and a stress (£1,20 = 4.4, P < 0.05) effect (Fig. 2C), 
with an approximately 7.5% increase in adrenal weight in CVMS rats vs. controls. 
Unexpectedly, for the relatvie thymus weight we found a sex effect (£1,20 = 7.5, P < 0.05) and 
a sex x stress interaction (Fig. 2D; £ 1,20 = 15.6, P < 0.001). While in male rats, CVMS was 
associated with a 27% decrease in thymus weight (P < 0.05), in females thymus weight had 
increased by 45% (P < 0.05).

Stress-induced activation o f npEW  neurons

First we analyzed by cFos-immunohistochemistry the stress-induced recruitment of 
npEW neurons. ANOVA showed a significant effect of CVMS on the number of neurons 
showing cFos-immunolabeling in the npEW (£2,30 = 8.75, P < 0.001; Table 3a; Fig. 3A, B). 
Post-hoc test revealed an almost threefold increase in the average number of cFos-positive 
nuclei comparing both male and female controls and acutely stressed rats (P < 0.001; Fig. 
3E). Comparing controls to chronically stressed animals, in males we found 2.7 times and in 
females 1.9 times more cFos-positive nuclei in the npEW of chronically stressed rats (P < 
0.05; Fig. 3E).

Stress recruits CART and nesfatin-1 neurons

To test whether the CART- and nesfatin-1-containing neurons were specifically 
recruited by stress (Fig. 4A-D), we determined the percentage of these neurons that also 
exhibited cFos-ir. We found a significant effect of stress (£2,30 = 8.2, P < 0.005; Table 3a; and 
Fig. 3C, D). Post-hoc analysis revealed that control male and female rats had approximately 
2.5 times less cFos-ir in npEW CART/nesfatin-1 neurons than acutely stressed male and 
female rats (P < 0.005; Fig. 3C, D). Chronically stressed male rats exhibited an 
approximately 2.5 times and females a two times increase in cFos-ir in npEW 
CART/nesfatin-1 neurons vs. controls (P < 0.005; Fig. 3F).

Effects o f  stressors on CART and nesfatin-1 peptide and mRNA dynamics

To answer the question whether stress would alter the amounts of CART and nesfatin- 
1 in npEW neurons, we found that the number of neurons expressing either CART or 
nesfatin-1 was not significantly different across the various experimental groups (Table 3b), 
nor was the ratio of CART/nesfatin-1 colocalization.

Next, we determined semi-quantitatively the amount of CART and nesfatin-1 by 
calculating the SSD of individual neurons. For both factors, only a stress effect was observed 
(£2,30 = 6.281, P < 0.005; Table 3b; Fig. 5A-D). Post-hoc analysis revealed that male controls 
exhibited approximately 22% less CART than chronically stressed rats (P < 0.005; Fig. 5A, 
C). In females this difference was about 44% (P < 0.005; Fig. 3G). As to nesfatin-1, 
chronically stressed males exhibited a 40%, but females a 63% increase in SSD compared to 
their respective controls (Table 3b; Fig. 5B, D). It has to be noted that the effect in females 
always seemed stronger than in males, but this difference did not reach statistical 
significance (P >0.05).
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Quantitative RT-PCR o f CART and NUCB2 mRNA

Finally, to test whether stress would alter the amounts of CART and NUCB2 mRNAs 
in npEW neurons, we performed QRT-PCR analysis. We found no differences for either 
CART or NUCB2 among the experimental groups (Table 3c). Also the expression of the 
housekeeping gene 18S did not statistically differ among these groups (P > 0.05).

Table 3. Stress-induced effects on cFos, CART and nesfatin-1/NLrCB2 expression in npEW neurons

Number of cFos-positive neurons % of CART/nesfatin-1 neurons positive 
for cFos

(a)
Male control 7.3 ± 1.7 l4.3 ± 3.2
Male acute 18.9 ± 3.7 335 ± 6.4
Male chronic 19.9 ±4.9 3S.9 ± 8.4
Female control 8.4 ± 1.1 175 ± 2.9
Female acute 23.4 ±3.0 44.7 ± S.6
Female chronic 16.3 ±3.9 34.1 ± 8.0

CART Nesfatin-1
Number of Number ofSSD SSD

neurons neurons
(b)
Male control 3S.S ± 2.2 102.7 ±85 27.0 ± 0.9 83.7 ± 8.0
Male acute 38.0 ± 1.2 109.1 ± 14.1 28.3 ±1.1 96.6 ±10.7
Male chronic 3S5 ± 3.1 131.8 ±14.7 28.8 ±2.7 11S.8 ±16.3
Female control 3S.6 ± 1.8 86.4 ±9.6 26.1 ±2.1 77.4 ±2.7
Female acute 36.3 ± 2.S l28.3 ± l9.8 28.9 ±1.2 104.2 ±16.3
Female chronic 375 ± 1.6 1S6.8 ± 16.6 30.4 ±1.1 126.3 ± 1S.9

CART mRNA NUCB2 mRNA
(c)
Male control 15 ± 0.1 4.0 ±0.7
Male acute 1.7 ± 0.3 3.2 ±0.9
Male chronic 1.7 ± 0.3 4.3 ±1.2
Female control 1.7 ± 0.2 4.9 ±15
Female acute 1.6 ± 0.1 S.1±1.3
Female chronic 2.0 ± 0.2 S.8 ± 1.3

Stress-induced activation of CART- and nesfatin-1-producing neurons (a), the average number and specific 
signal density (SSD) of npEW-CART and nesfatin-1-ir neurons (b), and the expression of npEW-CART and 
NUCB2 mRNAs expressed as Ct values normalized to 18S in rats (c). For statistical differences, see Figs. 3 and 
5.
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Fig. 3. Recruitment of npEW-CART- and nesfatin-1-expressing neurons by acute and chronic variable mild 
stress. (A) cFos-ir in control, acutely and chronically stressed male and female rats. Dashed lines encircle the 
area where quantitative cFos analysis was done. For better visibility, pictures were transformed from 
fluorescent image to gray scale image using Photoshop. (B) Quantitative analysis of stress-induced recruitment 
of npEW neurons. (C) Merged images of fluorescent triple-labeling showing CART-, nesfatin-1- and cFos-ir in 
the npEW in control, acutely and chronically stressed male and female rats. (D) Percentage of CART/nesfatin- 
1 neurons exhibiting cFos-ir in the various experimental groups. Vertical bars represent the means ± SEM. 
Letters on top of columns indicate the experimental group with which a significant difference (P < 0.05) exists. 
Scale bars: 50 ^m.
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Fig. 4. Representative triple-labelling fluorescent images depicting the distribution of CART (A), and nesfatin- 
1 (B) and cFos (C) in the rat npEW. Picture (D) is a merged confocal image depicting the colocalization of 
CART, nesfatin and cFos. npEW, non-preganglionic Edinger-Westphal nucleus; PG, periaqueductal grey; III, 
main oculomotor nucleus. Scale bar: 50 ^m.



Stress-related changes in the activity of rat npEW neurons | 53

CARTIHC D  Nesfatin-LI IHC
Control Acute Chronic Control Acute Chronic

Male

Female

C  CART: SSD  per neuron D  Nesfatin: SSD  per neuron

Control Acute Chronic Control Acute Chronic

Fig. 5. Stress-related alterations in the amount of CART- and nesfatin-1-ir in npEW neurons. Representative 
fluorescent images of CART- (A) and nesfatin-1- (B) ir in control, acutely and chronically stressed male and 
female rats. CART SSD (C) and nesfatin-1 SSD (D) in response to acute and chronic stress in male and female 
rats. Vertical bars represent means ± SEM. Letters on top of columns indicate the experimental group with 
which a significant difference (P < 0.05) exists. Scale bars: 50 ^m.

Discussion

In this study we have tested the hypothesis that npEW CART and nesfatin-1 respond 
to stress. We have confirmed the previous findings that CART co-exists with nesfatin-1 in 
the majority of npEW neurons (Xu et al., 2009; Okere et al., 2010). The results extend prior 
observations on stress-related alterations in CART and nesfatin-1/NUCB2 contents in the 
rodent brain (Dandekar et al., 2008; Merali et al., 2008; Wiehager et al., 2009) in a number of 
ways: (1) we revealed that both acute stress and CVMS activated npEW-neurons, (2) CVMS 
changed the amount of CART and nesfatin-1 without altering respective mRNA levels in 
npEW neurons, and (3) we demonstrated that these stress effects were not obviously 
different between male and female animals. Before discussing these findings in detail, some 
general aspects of our study will be considered.

General considerations

Dysregulation and sustained activity of the hypothalamo-pituitary adrenal (HPA-) 
axis may have adverse effects and can lead to major depression in susceptible individuals 
(Shelton, 2007; De Kloet, 2008; Wang et al., 2008). Therefore, parameters indicative of
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sustained activation of the HPA-axis in response to stress are critical in validating an animal 
model for stress-induced psychopathology. In our study male rats exhibited equivalent 
facilitation after acute and CVMS and female rats subjected to CVMS showed lower 
corticosterone levels than female rats exposed to acute restraint stress. In line with our 
corticosterone measurements in males, rats exposed to CVMS also displayed a facilitated 
corticosterone response to a novel challenge at 30 min, whereas no difference was found at 
120 min (Marin et al., 2007; Furay et al., 2008). Similarly to previous studies (Duncko et al., 
2001; Konkle et al., 2003; Renard et al., 2007), female rats exposed to CVMS exhibited a 
habituated HPA-axis response. Although literature data with regard to the chronic stress 
response of females are scarce, and between-study comparisons are difficult, our results and 
those from the literature clearly show that there is a sex-difference in the stress adaptation 
response. This is interesting with respect to the known sex-related differences in the stress- 
related psychopathology (Kessler et al., 2003, 2007).

Upon CVMS, body and adrenal weights changed as anticipated, with a reduction in 
body weight and an increase in adrenal weight in both males and females. Thymus weight 
after CVMS in male rats was as expected (Jones et al., 1998; Haller et al., 1999), but female 
rats showed higher thymus weights. A similar tendency of increased thymus weight in 
chronically stressed female rats was observed previously (Haller et al., 1999; Duncko et al.,
2001).

Effects o f  stress on the activity o f  npEW-neurons

Given the changes in cFos expression, we conclude that both acute and chronic 
stressors activate CART- and nesfatin-1-producing neurons in the npEW. Interestingly, our 
study showed that only about 50% of CART/nesfatin-1 neurons were activated by stress. To 
explain this phenomenon, one could argue that the activation of the npEW has not reached 
its maximum yet. This is, however, not very likely, because in previous studies we have 
shown that cFos-ir of npEW neurons reaches its maximum 2 h post-stress (Kozicz et al., 
2001; Gaszner et al., 2004). In addition, two recent reports showed a similar phenomenon in 
rodents, namely that acute stress only recruits 50-70% of npEW neurons expressing 
nesfatin-1 or CART/nesfatin-1 (Stengel et al., 2009; Okere et al., 2010). This suggests that 
CART/nesfatin-1 neurons in the npEW form two distinct populations: one stress-sensitive 
and the other stress-insensitive, an intriguing possibility that awaits confirmation.

Effects o f  stress on the expression o f  CART and NUCB2

CVMS increased the amounts of CART and nesfatin-1 to a similar degree, without 
altering respective mRNA levels. The unchanged levels of CART and NUCB2 mRNA 
expressions is surprising, and unexpected. One could speculate that our method was not 
sensitive enough to detect changes in CART and NUCB2 mRNA. However, in previous 
studies using the same approach as in this study, we detected changes in CART and NUCB2 
mRNA in the npEW under various experimental conditions (Xu et al., 2009; Okere et al., 
2010). Therefore, our method is sensitive enough to detect changes in CART and NUCB2 
mRNA expressions.
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There might be two interpretations of this finding: (a) CVMS decreases the release of 
the CART and nesfatin-1 peptides, and neurons are inhibited, or (b) the amount of CART 
and nesfatin-1 peptides does not primarily depend on the levels of CART and NUCB2 
mRNAs but on the efficiency of mRNA translation into protein, which is increased and 
neurons are activated. In support of this latter notion, the amount of various proteins (e.g. 
the vasopressin-1b receptor and growth factors) shows no correlation with their mRNA 
levels upon stress (Aguilera et al., 2003; Bastide et al., 2008). This would suggest that stress 
can regulate proteins at translational levels, whereas basal activity is under inhibition, while 
no apparent change in mRNA content is visible (Aguilera et al., 2003; Bastide et al., 2008).

M idbrain CART expression in various models fo r  depression

Recently, a few studies have analyzed the expression of CART in the mammalian 
midbrain in animal models for depression. Orsetti et al. (2008) found that CART mRNA 
was downregulated in the frontal cortex of rats subjected to a chronic mild stress paradigm. 
Dandekar et al. (2008) observed that CART-ir was reduced in most neurons in the npEW in 
two rat models for depression, namely the social isolation and the olfactory bulbectomy 
models. In line with our results, Wiehager et al. (2009) using a genetic rat model for 
depression, the Flinders Sensitive Line (FSL), noted increased CART-ir in the midbrain 
using radioimmunoassay. Although these results do not permit to conclude whether stress 
activates or inactivates CART production in the npEW, they collectively position midbrain 
CART as a possible regulator/modulator of stress-induced endocrine and behavioral 
responses and, consequently, as a possible neurobiological factor in the pathogenesis of 
depression and anxiety (see Pae et al., 2007; Rogge et al., 2008). This notion is corroborated 
by data showing that adolescents carrying a mutation in the CART gene exhibit increased 
anxiety and depression (Miraglia del Giudice et al., 2006).

Absence o f  sex-specificity in CART and nesfatin-1 dynamics

Sex-specificity has been consistently found in stress adaptation and stress-induced 
brain diseases, with a higher prevalence in human females (Kessler et al., 2003; Afifi, 2007). 
Evidence also points to a role of CART in the sex-specific stress adaptation response (Gozen 
et al., 2007; Liang et al., 2007). Since npEW neurons express the estrogen-^ receptor (Mitra 
et al., 2003; Derks et al., 2007, 2009a,b), and the reproductive cycle of female rats influences 
the expression of CART (Derks et al., 2009a), it might be expected that the stress-related 
actions of CART, and possibly nesfatin-1, have a sex-specific character as well. However, our 
study reveals no sex-dependent stress response of CART/nesfatin-1 neurons in the npEW. 
In contrast, a sex difference has been observed for Ucn1 expression in these neurons in 
response to both acute as well as CVMS (B. Gaszner, personal comm.). The data further 
support our idea that the expression of Ucn1, CART and nesfatin-1 in the rat npEW could 
be differentially regulated.
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Abstract

Leptin is critical fo r  normal food  intake and energy metabolism. While leptin receptor 
(LepR) function has been well studied in hypothalamic feeding circuitries, the functional 
relevance o f LepR in extrahypothalamic areas is largely unknown. Central regulatory 
pathways involved in food  intake utilize various neuropeptides, such as urocortin-1 (Ucn1), 
cocaine- and amphetamine-regulated transcript peptide (CART) and nesfatin-1. Ucn1 is most 
abundantly expressed in the non-preganglionic Edinger-W estphal nucleus (npEW). In 
addition to Ucn1, other satiety signals, such as CART and nesfatin-1, are highly expressed in 
neurons o f the npEW. Using immunocytochemistry and reverse transcriptase polymerase 
chain reaction (RT-PCR), we here show the presence o f  short and long form s o f  LepR in the rat 
npEW. Then, we tested our hypothesis that a change in plasm a leptin will m odulate the 
activity o f npEW  neurons containing Ucn1, CART and nesfatin-1. First, by double-labeling 
immunocytochemistry, we observed that almost all npEW  neurons colocalizing Ucn1, CART  
and nesfatin-1 also contain LepR. Fasting rats fo r  two days caused a marked body weight loss 
and reduced leptin plasm a level in both genders. Ucn1 mRNA and CART mRNA were 
upregulated after fasting in males (3.3 and 2.4 times, respectively; P < 0.05) but not in females. 
However, their peptide levels were not significantly changed. The peptide and mRNA levels o f  
nesfatin-1 were unaffected by fasting. We conclude that npEW-neurons containing Ucn1, 
CART and nesfatin-1 co-express LepR, and m ay be involved in leptin-m ediated feeding control 
in male rats only.
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Energy homeostasis requires tight regulation of food intake, fat storage and energy 
expenditure (Arora and Anubhuti, 2006; Morton et al., 2006; Dhillo, 2007). Not only distinct 
hypothalamic nuclei, such as the arcuate nucleus and the lateral hypothalamic area (for 
review see Dhillo, 2007), but also brain centers outside the hypothalamus are important for 
the regulation of energy metabolism (e.g. lateral septum: Wang and Kotz, 2002; dorsal raphe: 
Weitemier and Ryabinin, 2006; ventral tegmental area: Hommel et al., 2006). Apparently, 
these centers form one complex functional network that controls food intake on the basis of 
signals about the organism's satiety state (anorexigenic factors) and its need for food intake 
(orexigenic factors) (for reviews, see Vettor et al., 2003; Arora and Anubhuti, 2006).

The present study is concerned with the role of the anorexigenic urocortin-1 (Ucn1), a 
neuropeptide discovered by Vaughan et al. (1995) and shown to be particularly present in 
the non-preganglionic part of the midbrain Edinger-Westphal nucleus (npEW), which 
contains about 80% of all Ucn1 present in the mammalian brain (Kozicz et al., 1998; 
Bittencourt et al., 1999; Ryabinin et al., 2005). The EW is classically known as a cholinergic 
nucleus associated with oculomotor function (Warwick, 1954; Klooster et al., 1993). 
However, the insight has arisen that the EW consists of two distinct neuronal populations: a 
cholinergic one that projects to the ciliary ganglion, and a peptidergic one containing 
neurons that produce Ucn1 (npEW-Ucn1 neurons; Saper et al., 1976; Burde et al., 1982; 
Vasconcelos et al., 2003; Ryabinin et al., 2005; Laursen and Rekling, 2006). Ucn1 is closely 
related to corticotropin-releasing factor (CRF) and binds both CRF receptor 1 (CRF-R1) and 
2 (CRF-R2), but it has higher affinity for CRF-R2, which seems to be important for the 
control of food intake (Smagin et al., 1998; Cullen et al., 2001; Tabarin et al., 2007). Because 
npEW-Ucn1 neurons strongly and selectively respond to various stress paradigms, they may 
be involved in stress adaptation (Weninger et al., 1999, 2000; Kozicz et al., 2001; Gaszner et 
al., 2004; Korosi et al., 2005; Kozicz, 2007). In addition, there is strong evidence that the 
npEW controls food intake. Central administration of Ucn1 in rats decreases food intake 
(Spina et al., 1996; Jones et al., 1998; Smagin et al., 1998) and more specifically, infusion of 
Ucn1 into the lateral septum (LS) attenuates orexin-induced feeding (Wang and Kotz, 2002). 
Since the rat LS contains CRF-R2 and seems to be innervated by Ucn1-fibers originating in 
the npEW (Bittencourt et al., 1999), it may be a target for npEW-Ucn1 neurons that control 
food intake.

In addition to Ucn1, the npEW contains the well-established anorexigenic factor, 
cocaine- and amphetamine-regulated transcript peptide (CART; Kristensen et al., 1998; 
Lambert et al., 1998; Vicentic et al., 2006). Since lipopolysaccharide stress recruits neurons 
in npEW colocalizing CART and Ucn1 (Kozicz, 2003), CART may be crucial in linking 
stress adaptation and feeding control actions of the npEW.

Another important anorexigenic factor is nesfatin-1, a product of the NUCB2 gene, 
which was identified in various hypothalamic nuclei in the rat (Oh-I et al., 2006). Central 
nesfatin-1 injection reduces feeding, the expression of NUCB2 in the paraventricular nucleus 
(PVN) is decreased by starvation (Oh-I et al., 2006), and nesfatin-1-containing neurons in 
the PVN are activated by refeeding (Kohno et al., 2007). Interestingly, Brailoiu et al. (2007)

Introduction
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showed the presence of nesfatin-1 in the npEW, underlining the possible role of the npEW- 
Ucn1 in feeding control.

Not only centrally expressed orexigenic and anorexigenic signals but also peripheral 
signals regulate feeding activity. An important peripheral anorexigenic peptide is leptin 
(Pelleymounter et al., 1995; Bj0 rbaek and Kahn, 2004; Louis and Myers, 2007), which is 
produced by adipose tissue and released into the blood in a concentration proportional to 
the amount of stored fat (Leshan et al., 2006). Six isoforms of leptin receptor (LepR) have 
been identified (Tartaglia et al., 1995) including five short forms (LepRa) and a long form 
(LepRb). The latter is suggested to play a critical role in energy metabolism (Vaisse et al., 
1996). Leptin acts as a satiety signal on the hypothalamic arcuate nucleus, which contains 
LepRs (Kalra et al., 1999; Schwartz et al., 2000), increasing the expression of anorexigenic 
and decreasing that of orexigenic peptides (Sahu, 2004). While LepRs are expressed 
throughout the central nervous system (CNS), in contrast to its relatively well-established 
role in hypothalamic feeding control, its function in extrahypothalamic brain areas, 
including the npEW, needs clarification.

The fact that the potent anorexigenic factors Ucn1, CART and nesfatin-1 occur in the 
stress adaptation controlling npEW raises the interesting possibility that npEW-Ucn1 
neurons represent an important extrahypothalamic mechanism that controls the relative 
contributions of energy expenditure to the processes of stress adaptation and food intake. To 
test this idea, in this study we aim to support our hypothesis that leptin informs the npEW 
about the organism's fat reserve, this way controlling the expression of Ucn1, CART and 
nesfatin-1. For this purpose we first studied the presence of LepR in npEW-Ucn1 neurons 
colocalizing CART and nesfatin-1, and subsequently assessed possible changes in Ucn1, 
CART and nesfatin-1 mRNA and peptide contents in these neurons in response to a two- 
day fasting paradigm, using quantitative (Q) RT-PCR and immunohistochemistry, 
respectively. Since neuronal circuitries regulating food intake have a sexually dimorphic 
character (Gayle et al., 2006) and, more in particular, we recently demonstrated in the npEW 
a sexual dimorphism of Ucn1 mRNA expression in response to stress (Kozicz et al., 2008), 
this study was conducted with male and female rats, to detect possible gender differences.

Experimental procedures

Anim al handling

Twenty-four male and 24 female Wistar-R Amsterdam rats (225-250 g) were housed 
in standard plastic cages (40x25x20 cm; 6 animals/cage) in a temperature- and humidity- 
controlled environment, on a 12-h light/dark cycle (lights on at 6:00 a.m.) with free access to 
tap water and rat chow. They were allowed 1 week acclimation before the fasting experiment, 
which lasted 48 h. Twelve male and 12 female rats were fasted, with only access to tap water. 
Same numbers of daily fed rats served as controls. On day 3, between 10:00 and 12:00 a.m., 
all animals were deeply anesthetized with nembutal (Sanofi, Budapest, Hungary; 100 mg/kg 
body weight), blood samples were taken for radioimmunoassays, brains of 6 animals per 
group were fixed by perfusion for histology, and finally all animals were sacrificed by 
decapitation. Body weights were determined at the start and at the end of the fasting period.
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All animal handling procedures were conducted in accordance with the animal use 
guidelines approved by the Medical Faculty Advisory Committee for Animal Resources of 
Pecs University, based on the Law of 1998, XXVIII, for Animal Care and Use in Hungary. 
We did everything to minimize the number of animals used and their suffering.

Hormone assays

After anesthetizing rats and exposing their chest cavity, a small opening was cut in the 
left heart ventricle, and a 3 ml blood sample was collected in an ice-chilled EDTA- 
containing tube, and centrifuged at 3,000 rpm, for 10 min. A plasma aliquot of 50 |il was 
stored at -2 0  °C until assaying leptin and corticosterone in duplicate by radioimmunoassay 
(leptin: Linco Research, St. Charles, MI, USA; corticosterone: Cayman Chemical, Ann 
Arbor, MI, USA).

Tissue preparation

Rats were transcardially perfused with 50 ml 0.1 M sodium phosphate-buffered saline 
(PBS, pH 7.4) followed by 250 ml 4% ice-cold paraformaldehyde in 0.2 M Millonig sodium  
phosphate buffer (pH 7.4). Then, after decapitation, brains were dissected and stored in the 
paraformaldehyde fixative, for 2 days. Of each brain, 6 series of 20 ^m thick coronal sections 
were cut with a Lancer vibratome (Ted Pella, Redding, CA, USA) at the midbrain level 
containing the npEW (5.0-7.0 mm caudal to Bregma; see Paxinos and Watson, 2001). 
Sections were saved in sterile antifreeze solution (0.1 M PBS, 30% ethylene glycol, 20% 
glycerol) and stored at -20  °C until further use.

Immunocytochemistry

Double immunofluorescence labeling. For double immunofluorescence of LepR and 
either Ucn1, CART or nesfatin-1, sections were rinsed 4 x 15 min in PBS, incubated in 0.5% 
Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) in PBS, for 30 min, rinsed 2 x 15 min in 
PBS, and incubated in 0.5% blocking reagent (tyramide signal amplification, TSA, 
fluorescence system kit; NEN Life Science Products, Boston, MA, USA) in PBS (PBS-B), for
1 h. Then, they were incubated in a mixture of primary polyclonal goat anti-LepR serum 
(1:1,000, M-18, sc-1834; Santa Cruz Biotechnology, Santa Cruz, CA, USA) and polyclonal 
rabbit anti-Ucn1 serum (1:2,000; generous gift from Dr. W. W. Vale, The Salk Institute, La 
Jolla, CA, USA) or monoclonal mouse anti-CART serum (1:1,500, Ca6-1 F4D4; generous 
gift from Dr. J.T. Clausen, Novo Nordisk A/S, Bagverd, Denmark) or polyclonal rabbit anti- 
nesfatin-1 serum (1:100, H-003-22 B; Phoenix Pharmaceuticals, Burlingame, CA, USA), in 
PBS-B, for 18 h. After incubation, sections were rinsed for 2 x 15 min in PBS and, for signal 
amplification, incubated in a mixture of donkey-anti-goat biotinylated IgG (1:200; Vector 
Laboratories, Burlingame, CA, USA) and Cy2-conjugated donkey-anti-rabbit IgG (1:100; 
Jackson ImmunoResearch, West Grove, PA, USA) or Cy2-conjugated donkey-anti-mouse 
IgG (1:100; Jackson ImmunoResearch) secondary antisera, in PBS-B, for 2 h. After rinses of
2 x 15 min in PBS, sections were incubated in streptavidin-horseradish peroxidase (1:100; 
NEN Life Science Products) in PBS-B, for 30 min, rinsed 2 x 15 min in PBS, and incubated
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in Cy3-tyramide amplification reagent (1:200 in amplification diluent; NEN Life Science 
Products), for 30 min. Finally, they were rinsed for 2 x 15 min in PBS, mounted on gelatin- 
coated glass slides, air-dried and coverslipped in antifade Vectashield (Vector Laboratories).

Triple immunofluorescence labeling. In order to quantify Ucn1, nesfatin-1 and CART 
peptide levels in the npEW, sections were rinsed 4 x 15 min in PBS, incubated in 0.5% 
Triton X-100 (Sigma-Aldrich) in PBS, for 30 min, rinsed 2 x 15 min in PBS and incubated in 
2% normal donkey serum (Jackson ImmunoResearch) in PBS-B, for 1 h. Then, they were 
incubated in a mixture of primary polyclonal (goat) anti-Ucn1 antiserum (1:50; sc-1825; 
Santa Cruz Biotechnology), polyclonal (rabbit) anti-nesfatin-1 antiserum (1:2,000; H-003-22 
B; Phoenix Pharmaceuticals) and monoclonal (mouse) anti-CART antiserum (1:1,500; Ca6- 
1 F4D4) in PBS-B, for 18 h. After incubation sections were rinsed for 2 x 15 min in PBS and 
a secondary antiserum cocktail (Cy2-conjugated anti-goat IgG, 1:100; Cy3-conjugated anti
rabbit IgG, 1:100; Cy5-conjugated anti-mouse IgG, 1:100; Jackson ImmunoResearch) was 
applied for 2 h. Finally, they were rinsed for 2 x 15 min in PBS, mounted on gelatin-coated 
glass slides, air-dried and coverslipped in antifade Vectashield (Vector Laboratories). 
Sections from control and experimental animals were processed simultaneously for free
floating immunocytochemistry.

Antiserum characterization

The high specificities of rabbit anti-Ucn1 (Bittencourt et al., 1999; Turnbull et al., 
1999), mouse anti-CART (Koylu et al., 1997) and goat anti-Ucn1 (Haeger et al., 2006; 
Gaszner et al., 2007) have been previously reported. The LepR antiserum binds to both the 
short and long forms of LepR (Hakansson et al., 1998). We tested the specificity of the 
nesfatin-1 antiserum by preabsorption with 0.1, 1 and 10 ^g nesfatin-1 peptide (003-22-A; 
Phoenix Pharmaceuticals), which abolished staining. In addition, primary serum omission 
or replacement of the serum by nonimmune goat, rabbit or mouse serum at the dilution of 
the respective antiserum, completely prevented immunoreaction.

Image analysis

Confocal laser scanning microscopy (TCS SP2 AOBS system; Leica, Microsystems, 
Wetzlar, Germany) was used to image fluorescent staining. Per animal, the amounts of Ucn1, 
CART and nesfatin-1 in the npEW were estimated by measuring the specific signal density 
(SSD) of Ucn1-, CART- and nesfatin-1-immunoreactive (ir) perikarya present in four serial 
sections, interspaced by 60 ^m, at the midlevel of the npEW. Per section 10 randomly taken 
perikarya (all showing a cell nucleus) were measured using ImageJ software (version 1.37, 
NIH, Bethesda, MD, USA). Data were corrected for background density outside the npEW, 
yielding the SSD expressed in arbitrary units per perikaryon.

RNA extraction and cDNA synthesis

Frozen brains were cut using a coronal brain matrix (cat no 15007; Ted Pella) between 
the cerebellum and both hemispheres. Then 1 mm thick slices were made by coronal cuts 
with two razor blades. The brain slices were placed on a chilled mat, and the areas of interest
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were punched out with a Harris Unicore Hole 1.5 mm puncher (Ted Pella). The punch was 
made at the midlevel of the npEW, between Bregma -5 .3  and -6.3 mm, included the ventral 
periaqueductal gray and oculomotor nuclei but mainly consisted of the npEW, and did not 
contain the dorsal raphe nucleus or the ventral tegmental area (VTA) (for details, see 
Gaszner et al., 2009b). Punched samples were collected in 500 |il ice cold Trizol (Invitrogen, 
Carlsbad, CA, USA) and homogenized by sonification. After chloroform extraction and 
isopropyl alcohol precipitation, RNA was dissolved in 60 l̂ RNase-free DEPC. The RNA 
concentrations were measured with an Eppendorf Biophotometer (Vaudaux-Eppendorf AG, 
Basel, Switzerland). First strand cDNA synthesis was performed using 0.11 |ig RNA 
dissolved in 11 ^l MQ containing 0.25 mU pd(N)6 random primers (Roche, Basel, 
Switzerland) at 70 °C for 10 min, followed by double-strand synthesis in 1x first strand 
buffer (Invitrogen), with 10 mM DTT (Invitrogen), 20 U RNasin (Promega, Madison, WI, 
USA), 0.5 mM dNTPs (Roche) and 100 U Superscript II (Invitrogen), at 37 °C for 75 min 
and at 95 °C for 10 min.

Reverse transcriptase polym erase chain reaction (RT-PCR)

RT-PCR was performed in a total volume of 25 ^l in buffer containing 5 |il of template 
cDNA, 3 mM MgCl2, 0.625 U FastStart Taq DNA polymerase (Roche), 0.25 mM dNTPs 
(Roche) and 0.3 mM of each primer. Primers were designed for LepRa, LepRb and 18 S on 
the basis of the rat cDNA sequences. The following primer pairs were used: LepRa, 5'- 
AGTCATTCAAACCATAGTTTAGG-3' and 5'-ACACTGTTAATTTCACACCAGAG-3'; 
LepRb, 5'-TTCCAAAAGCTCATCCAACCC-3' and 5'-ACACTGTTAATTTCACACCA 
GAG-3'; 18S, 5'-CCATCCAATCGGTAGTAGCG-3' and 5'-GTAACCCGTTGAACCCC 
ATT-3'. The optimum temperature cycling protocol was used as 95 °C for 30 s, 60 °C for 30 
s and 72 °C for 1 min, using a programmable thermal cycler (Eppendorf, Mastercycler 
gradient, Hamburg, Germany). After RT-PCR, the reaction products were run on a 2% 
agarose gel and visualized with ethidium bromide to check the length of the amplified cDNA.

Q uantitative RT-PCR

QRT-PCR was performed in a total volume of 25 |il buffer solution containing 5 |il of 
template cDNA, 12.5 l̂ 2x SYBR Green Master mix (Applied Biosystems, Foster City, CA, 
USA), 1.5 l̂ MQ and 15 pM of each primer. Primers for 18S, Ucn1, CART and NUCB2 were 
designed using Vector Primer Express software (Applied Biosystems). Primer pairs were as 
follows: 18S, 5'-CCATCCAATCGGTAGTAGCG-3' and 5'-
GTAACCCGTTGAACCCCATT-3'; Ucn1, 5'-CAGATTCGGATCCTGGACCA-3' and 5'- 
CCATCTTGCACTGGATAGACACTC-3'; CART, 5'-CGCCTTGGCAGCTCCTT-3' and 5'- 
CCGAGCCCTGGACATCTACTC-3'; NUCB2, 5'-AGTTCATCCAGTCTCGTCCTCAC-3' 
and 5'-TGGAAACAGATCCGCATTTCA-3'. The optimal temperature cycling protocol was 
determined to be 95 °C for 10 min followed by 40 reaction cycles at 95 °C for 15 s and at 
60 °C for 1 min, using a 7500 GeneAmp PCR system (Applied Biosystems). The absolute 
quantities were determined using standard curves. The quantity of cDNA was calculated for 
each sample with Applied Bioscience 7500 System Software. Efficiencies of the primer pairs 
were for 18S: 2.04 (r2 = 0.999), Ucn1: 1.87 (r2 = 0.994), CART: 2.02 (r2 = 0.988) and NUCB2:
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2.00 (r2 = 0.958). Relative gene expression ratios, viz. the quantity of U cnl or CART or 
NUCB2 mRNA divided by the quantity of 18 S mRNA, were used to evaluate differences. In 
each experiment, three independent quantitative RT-PCR runs were performed, and the 
means of their normalized values were used for statistical analysis.

Statistical analysis

The results are presented as the mean and the standard error of the mean (SEM). Data 
were analyzed by two-way analysis of variance (ANOVA; independent variables were 
“gender” and “treatment”) preceded by tests for normality (Shapiro and Wilk, 1965) and 
variance (Bartlett's chi-square-test; Snedecor and Cochran, 1989), and followed by Fisher's 
post-hoc analysis (StatSoft, Tulsa, OK, USA) (a = 5%).

Results

Physiological param eters

To determine physiological effects of two days of fasting, a number of parameters were 
measured. First, body weight had decreased (FU0 = 73.92; P  < 0.0000001; Fig. 1A) by 11.8% 
± 0.5% in males and 14.1% ± 2.1% in females, but no gender difference was found. In 
contrast, the plasma corticosterone level revealed a clear gender-specific effect (FU4 = 7.19; P
< 0.05; Fig. 1B); in fed rats, the corticosterone level was markedly higher in females than in 
males (x3.3; P  < 0.01) whereas there was no effect of fasting (FU4 = 0.56; P>0.05). Leptin also 
showed a gender-specific difference (FU7 = 4.99; P  < 0.05; Fig. 1C) as fed males had a 53% 
higher leptin level than fed females (P < 0.01). Compared to controls, in starved rats, the 
leptin level was much lower (F1,17 = 58.42; P  < 0.000005) in males (x3.8) than in females 
(x2.5), a difference in response of 52%.

Presence o f anorexigenic factors and LepR

Triple immunofluorescence cytochemistry of the npEW revealed a large number of 
Ucn1-ir perikarya that were also CART-ir and nesfatin-1-ir (Fig. 2A-D). At high 
magnification, Ucn1-ir and CART-ir were confined to similar cytoplasmic compartments 
whereas nesfatin-1-ir was seen in distinct compartments, suggesting that not all of these 
peptides are stored in the same secretory vesicles. Therefore, they may be secreted in 
different ways (Fig. 2E-H). Using double-labeling immunofluorescence, we showed in the 
npEW the co-existence of LepR (Fig. 3A) with Ucn1 (Fig. 3B), CART (Fig. 3C) and nesfatin- 
1 (Fig. 3D). Nearly all (more than 95%) of the Ucn1-ir, CART-ir and nesfatin-1-ir neurons 
were positive for LepR. From these data we conclude that the three above-mentioned 
peptides and LepR co-exist in the npEW to a very high degree.

Because the LepR antiserum detects both LepRa and LepRb, we performed RT-PCR 
and found that the mRNAs of both isoforms of the LepR co-exist in the npEW (Fig. 4A-C).
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To determine the amounts of Ucn1, CART and nesfatin-1 peptides in the npEW, we 
counted the numbers of immunopositive perikarya and measured the SSD of each 
perikaryon (Fig. 5A, B). As to the number of cells, for none of the peptides could an effect of 
fasting or gender be observed. Similarly, no effect of fasting on the SSD was seen. However, 
in both fed and fasted animals, CART (FU8 = 27.72, P  < 0.0001) and nesfatin-1 (FU9 = 32.21, 
P  < 0.00005) revealed significant gender differences, females showing a 49% and 40% higher 
SSD, respectively, than males.

Im m unohistochem ical determ ination o f  pep tide  contents

Fig. 1. Two days of fasting decreases body weight (A) and plasma leptin (C) but not plasma corticosterone (B) 
in male (black columns) and female (white columns) rats. Note that in fed controls, females have higher 
corticosterone and lower leptin levels than males. Means ± SEM; n = 6. Asterisks alone indicate significant 
difference of fasting group with respective control group; asterisks with lines show significant difference 
between males and females. ** P < 0.01.
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Ucn1 CART Nesfatin-1 Overlay

Fig. 2. Triple immunofluorescence of one section medially through the npEW, showing the complete co
existence of Ucnl (green; A, E), CART (blue, B, F) and nesfatin-1 (red; C, G). In the merged images (D, H), 
neurons reveal different color shades depending on the respective amounts of the co-existing peptides. (E-H) 
Details of A-D. Scale bar: 50 ^m in A-D and 20 ^m in E-H.

A B c . ' •  ■
D # \  . •

• 6 1■ * l' •
 ̂*■ «¡Wf  ƒ

i t %* i i rt 1 I ' M  1 *  ' . lé;* 4
- 1 *53 tc * i  ù l ,  . % \  • % '  *

A  ■ y â  *■

4  It* »

*

\  * ?  *'*

■ ‘ ” 1 1  

v t  ' P  : . 
*  * *  -

M V♦ * £
& » 4  V * ri  k -

*’ * -V. 9  f%‘J *

* K
* * . «

LepR LepR-Ucn1 LepR-CART LepR-Nesfatin-1
Fig. 3. LepR (red, A) in perikarya of the npEW. Double immunofluorescence immunocytochemistry reveals 
co-existence of LepR with Ucnl (b), CART (C) and nesfatin-1 (D). Scale bar = 50 ^m.
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Fig. 4. RT-PCR of LepRa mRNA (A), LepRb mRNA (B) and housekeeping gene 18 S mRNA (C), in the PVN 
(left three lanes) and the npEW (right three lanes). M, molecular weight markers.
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Quantitative RT-PCR of mRNA

To measure mRNA amounts of the above-mentioned peptides, QRT-PCR was 
performed (Fig. 5C). For U cnl and CART, ANOVA showed a significant interaction 
between the factors “gender” and “fasting” (Ucnl: Fi,20 = 4.79, P  < 0.05; CART: FU9 = 8.58, P
< 0.005), and the post-hoc test revealed a much higher (x3.3) amount of U cnl mRNA in 
fasted males than in fed males (P < 0.05), whereas no difference was detectable in females. 
For CART, similar results were obtained: fasted males had 2.4 times more CART mRNA 
than their fed counterparts (P < 0.05) whereas no difference was found between fed and 
fasted females. For nesfatin-1, no differences among the experimental groups were seen.

Fig. 5. Histograms showing different parameters of Ucnl-, CART- and nesfatin-1-containing neurons: 
number of neurons per section (A), SSD of perikaryon (B), and mRNA content of npEW (C), in males (black 
columns) and females (white columns). Means ± SEM; n = 6. Asterisks alone indicate significant difference of 
fasting group with respective control group; asterisks with lines show significant difference between males and 
females. * P < 0.05, ** P < 0.01. AU, arbitrary units.

Discussion

During the last decade we have gained extensive evidence for a role of the mammalian 
npEW in the stress adaptation response (Weninger et al., 2000; Kozicz et al., 2001; Gaszner 
et al., 2004; Korosi et al., 2005). In the present study we tested our hypothesis that in 
addition to this role, the npEW responds to changes in feeding. For this purpose, we have
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determined in the rat npEW the effects of (2-day) fasting on the presence of four factors 
implicated in feeding control, namely Ucn1, CART, nesfatin-1 and LepR. Below we will 
argue that our data strongly support this hypothesis. One of our findings is that male and 
female rats differ in their responses to fasting. Therefore, in this Discussion we will first refer 
to male animals, and subsequently consider the implications of our observations with 
respect to females.

The feeding paradigm

To experimentally change their metabolic state, we exposed rats to a fasting paradigm. 
It is well known that long-term fasting can act as a stressor, evoking activation of the classic 
stress adaptation system, the hypothalamo-pituitary adrenal (HPA-) axis (Hanson et al., 
1994; Kirschbaum et al., 1997). Since stressors also activate the npEW (Weninger et al., 2000; 
Kozicz et al., 2001; Kozicz, 2003; Gaszner et al., 2004), a stressor action of fasting would 
seriously hamper interpreting our data in terms of a specific npEW response to a changed 
metabolic state. We have applied fasting for two days, which appeared to exert no stressor 
action; indeed, whereas 2-day fasting clearly decreased body weight, no effect was detectable 
on the corticosterone titer, showing that fasting had not changed the activity of the HPA- 
axis and, hence, does not have a stressor action. Our findings that fasting strongly decreased 
the leptin concentration in the blood and that the npEW-Ucn1 neurons contain LepR, raise 
the idea that fasting acts on the npEW via leptin and LepR.

NpEW-Ucn1 neurons contain CART, nesfatin-1 and LepRs

Ucn1 has potent effects on feeding activity in vertebrates (e.g. Vaughan et al., 1995; 
Spina et al., 1996) and is predominantly expressed in the npEW (Kozicz et al., 1998, 2002; 
Bittencourt et al., 1999; Ryabinin et al., 2002; Kozicz, 2007). In addition to Ucn1, various 
other factors involved in feeding control have been demonstrated in the npEW, viz. CART, 
nesfatin-1 and receptors for leptin (Kozicz, 2003; Zigman et al., 2006; Brailoiu et al., 2007), 
but up to now their possible co-localization in npEW neurons had not been studied. Here 
we show by immunocytochemistry that all these factors co-exist in the majority of npEW 
neurons that express Ucn1. This finding strongly indicates that these neurons play a central 
regulatory, possibly integrative, role in the control of feeding, which is in addition to their 
previously established involvement in the stress response. Because we show 
immunohistochemically that npEW-Ucn1 neurons contain LepR, it seems reasonable to 
assume that the npEW exerts its action on feeding on the basis of leptin-mediated 
information about the animal's fat reserve. In view of the literature, especially LepRb would 
be involved in such regulation. However, our PCR demonstration of LepRa mRNA suggests 
that in the rat npEW also the short form occurs, which therefore may be involved in feeding 
regulatory processes as well. Clearly, as our LepR antiserum cannot distinguish between 
LepRa and LepRb (Wang et al., 2006; Alonso et al., 2007), the answer if one or both of these 
mRNAs are translated into receptor protein in the npEW, awaits further study.
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Fasting affects neuropeptide dynamics

The hypothesized role of npEW-Ucn1 neurons in feeding control is strongly 
supported by our quantitative PCR data in male rats showing that in response to fasting 
npEW neurons increased expression of mRNAs of Ucn1 and CART (x3.3 and x2.4, 
respectively). This indicates that the fasting paradigm stimulates the production of these 
neuropeptides.

The increase in Ucn1 and CART mRNAs in the npEW is not concomitant with an 
increase in Ucn1 and CART peptide amounts. In this respect it should be realized that the 
amount of a peptide present in a neuron is no direct measure for the rate of the neuron's 
peptide release, as this amount is determined by the rates of both release and biosynthesis of 
the peptide. Therefore, we assume that fasting stimulates the biosynthesis and the secretion 
of Ucn1 (and CART) to a very similar degree, leaving the amount of peptide in the neuronal 
cell body unchanged. Obviously, in the absence of methods to detect local peptide release in 
the brain, our combined mRNA and peptide quantifications are the best approaches 
currently available to assess neuronal secretory activity, and clearly indicate that the 2-day 
fasting paradigm activates the secretory activity of npEW neurons. At first sight, such an 
activation would seem to be in contradiction to the fact that npEW-Ucn1 and CART fibers 
innervate the LS and dorsal raphe nucleus (Koylu et al., 1998; Bittencourt et al., 1999; Kozicz,
2003), centers that are activated by central injection of Ucn1 and assumed to inhibit food 
intake (King and Nance, 1986; Oliveira et al., 1990; Fletcher, 1991; Wang and Kotz, 2002; 
Weitemier and Ryabinin, 2006). On the other hand, increased release of Ucn1 and CART in 
male rats does fit with the fact that lesioning the EW leads to inhibition of food intake 
(Weitemier and Ryabinin, 2005), indicating that the EW has an orexigenic action. This idea 
is supported by the fact that injection of neuropeptide Y, which has an orexigenic action, 
stimulates Ucn1 mRNA production (Gaszner et al., 2007). In conclusion, answering the 
question whether Ucn1 and CART have an anorexigenic or orexigenic action, will have to 
wait till (1) the dynamics of Ucn1 and CART release can be measured, (2) the npEW targets 
are all known, and (3) the ways these targets react to Ucn1 and CART released from the 
npEW have been determined.

In light of the above, it is noteworthy that we did not find an effect of fasting on 
nesfatin-1 expression, neither in male nor in female rats. Central injection of nesfatin-1 in 
the rat clearly decreases food intake (Oh-I et al., 2006), by a yet unknown mechanism. 
Furthermore, in both the hypothalamic paraventricular and supraoptic nuclei, nesfatin-1 
neurons are not activated by 2-day fasting but they do become active by refeeding (Kohno et 
al., 2008). These data suggest that nesfatin-1 plays a role in food consumption rather than in 
adaptation to food deprivation.

Gender differences

When our results on male rats are compared to those obtained on females, obvious 
differences appear: although the leptin level in females clearly changes upon fasting, no 
effect of fasting could be detected on female npEW neurons, either at the mRNA or at the 
peptide/protein level. This strongly suggests that the regulation by the npEW of feeding in
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female rats differs from that in males. On the other hand, both in fed and fasted rats, the 
amounts of mRNA and peptides clearly differ between females and males. This gender 
difference has been noted by us before, in studies on the response of the npEW to various 
stressors. For example, in female suicide victims, the npEW -Ucnl mRNA contents are 
similar to those of female controls, whereas in male victims the U cnl mRNA content is 
about nine times higher than in the npEW of male controls (Kozicz et al., 2008).

An extensive study on sex-specific orexigenic and anorexigenic mechanisms in rats 
has shown that females responded to fasting with a greater food intake in the refeeding 
phase than males (Gayle et al., 2006). Possibly, this sex-specific response can be explained 
from the gender difference in U cnl and CART dynamics in the npEW as demonstrated in 
the present study.

The reason why the npEW differs in its functioning between males and female is 
unknown. One obvious reason might be based on the actions of sex steroids on the nucleus, 
and on the fact that we used animals that were in different (unidentified) phases of the estrus 
cycle. Indeed, we recently revealed the presence of estrogen receptor p in rat npEW-Ucnl 
neurons (Derks et al., 2007) and found that the production of U cnl is lower in female rats in 
pro- and diestrus than in ovariectomized females and in males (N. Derks, unpublished data).
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Abstract

A recent study systematically characterized the distribution o f the long form  o f the leptin 
receptor (LepRb) in the mouse brain and showed substantial LepRb mRNA expression in the 
non-preganglionic Edinger-W estphal nucleus (npEW) in the rostroventral p a r t o f the 
midbrain. This nucleus hosts the m ajority o f  urocortin-1 (Ucn1) neurons in the rodent brain, 
and because Ucn1 is a po ten t satiety hormone and electrical lesioning o f  the npEW  strongly 
decreases food  intake, we have hypothesized a role o f npEW-Ucn1 neurons in leptin-controlled 
food  intake. Here, we show by immunohistochemistry that npEW-Ucn1 neurons in the mouse 
contain LepRb and respond to leptin adm inistration with induction o f  the Janus kinase 2- 
signal transducer and activator o f transcription 3 pathway, both in vivo and  in vitro. 
Furthermore, systemic leptin adm inistration significantly increases the Ucnl content o f  the 
npEW, whereas in mice that lack LepRb, the npEW  contains a considerably reduced am ount 
o f Ucnl. Finally, we reveal by patch clamping that leptin adm inistration reduces the electrical 
firing activity o f  Ucnl neurons. In conclusion, we provide ample evidence fo r  leptin actions 
that go beyond leptin's well-known hypothalamic actions, and propose that leptin can directly 
influence the activity o f the Ucnl neurons in the midbrain npEW.
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Introduction

Energy homeostasis requires tight regulation of food intake and fat storage (e.g. Arora 
and Anubhuti, 2006; Morton et al., 2006; Dhillo, 2007). A hormone critical for this 
regulation is leptin, the product of the ob gene and produced by adipocytes. It conveys 
information to the brain about the amount of peripherally stored fat (Zhang et al., 1994). 
Leptin acts through the leptin receptor long form (LepRb), the product of the db  gene (Chen 
et al., 1996; Hegyi et al., 2004), by activating the Janus kinase 2 (JAK2)-signal transducer and 
activator of transcription 3 (STAT3) pathway (Ghilardi et al., 1996; Villanueva and Myers,
2008). Leptin primarily acts in the hypothalamus, especially on the arcuate nucleus, and 
plays a key role in the regulation of food intake and energy expenditure (Sahu, 2004; Simerly,
2008). However, some evidence is appearing that leptin also acts on extrahypothalamic brain 
centers. For example, LepRb expression occurs in the cerebral cortex, hippocampus, 
midbrain and brain stem (Elmquist et al., 1998). Also, in a recent study, using a novel 
LepRb-internal ribosomal entry site (IRES)-Cre-enhanced yellow fluorescent protein
reporter mouse and in situ hybridization, a substantial degree of LepRb expression was 
found in extrahypothalamic brain areas in adult mice (Scott et al., 2009; Caron et al., 2010), 
such as in the non-preganglionic Edinger-Westphal nucleus (npEW) in the rostroventral 
part of the midbrain. This nucleus is of particular interest, because its electrical lesioning 
substantially decreases general food intake (Weitemier and Ryabinin, 2005) and it is the 
major source of urocortin-1 (Ucn1), a member of the corticotropin-releasing factor family, 
which has strong anorexigenic potency (Vaughan et al., 1995; Kozicz et al., 1998; Bittencourt 
et al., 1999).

Recently, we showed that the rat npEW reveals substantial LepRb mRNA expression 
and responds to fasting (Xu et al., 2009). Moreover, the npEW of rats fed a fat-rich diet 
revealed a decrease in Ucn1 mRNA content (Leinninger et al., 2009). In addition, peripheral 
injection of low doses of Ucn1 produces strong and prolonged inhibition of food intake 
(Asakawa et al., 1999; Wang et al., 2001), an effect that can also be seen in leptin-deficient 
(ob/ob) mice (Asakawa et al., 2001). Intracerebroventricular (i.c.v.) administration of Ucn1 
also potently reduces food intake in food-deprived rats (Spina et al., 1996), an action most 
probably mediated by the ventromedial hypothalamic nucleus (Ohata et al., 2000).

The colocalization of LepRb and Ucn1 in npEW neurons is interesting, because a 
number of experimental studies have shown the interactions of leptin and Ucn1 on food 
intake: 1) the satiety effect of Ucn1 is enhanced by its ability to induce plasma leptin (Kotz et 
al., 2002), 2) co-treatment with doses of leptin and Ucn1 that are ineffective while given 
alone effectively suppresses appetite (Pan and Kastin, 2008), 3) leptin facilitates Ucn1 
transport across the blood-brain barrier (Pan et al., 2007), and 4) Ucn1 seems to potentiate 
leptin signaling by leptin receptor-mediated STAT3 phosphorylation (Pan et al., 2007).

Although these data together indicate that the collaboration of peripheral leptin 
signaling and Ucn1 in the npEW may play an important role in regulating feeding behavior, 
the mechanism by which leptin would influence the activity of the npEW-Ucn1 neurons is 
unclear. Here, we hypothesize that in the mouse, leptin-mediated signaling occurs in Ucn1
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neurons in the npEW and that modulation of leptin signaling can modify U cnl neuron 
activity.

Experimental Procedures

Animals

Male C57BL/6J, B6.Cg-m+/+Leprdb/J (db/db), and LepRbEGFP mice were used. In vivo 
experiments were performed with young-adult mice (10-12 wk old; obtained from The 
Jackson Laboratory, Bar Harbor, ME, USA) and housed in the University of Texas 
Southwestern Medical Center at Dallas (in situ hybridization) or in the Unit for Laboratory 
Animal Medicine at the University of Michigan (immunohistochemistry), in groups of two 
to four, unless stated otherwise. In vitro studies were performed with wild-type (WT) 
C57BL/6J pups (16-21 days old), housed with their mother, who was obtained from Janvier 
(Le Genest-Saint-Isle, France), in the Central Animal Laboratory of Radboud University 
Nijmegen. They were all housed at a 12-h light, 12-h dark cycle (lights on at 6:00 a.m.) in a 
humidity- and temperature- (22 °C) controlled environment, and had access to food and 
water ad libitum. All animal procedures had the approval of the respective University care 
and use committees.

Production o f LepRbEGFP mice

To identify LepRb-expressing neurons, Leprcre mice were crossed with RosaEGFP 
reporter mice to produce LepRbEGFP offspring with enhanced green fluorescent protein 
(EGFP) expressed in LepRb neurons. Briefly, in Leprcre mice, an IRES-driven second cistron 
encoding cre recombinase is “knocked in” to the 3'-untranslated region of the LepRb- 
specific exon of Lepr, rendering the cre-coding sequence part of the LepRb-specific mRNA 
such that its expression is restricted to LepRb-expressing neurons (Myers et al., 2009). The 
Gt(ROSA)26Sortm2Sho (ROSAEGFP) line from The Jackson Laboratory has been engineered 
such that cre-mediated deletion of a floxed transcription-blocking cassette results in the 
expression of EGFP from the ubiquitously expressed ROSA26 locus (Mao et al., 1999). 
Because IRES-mediated cre expression is modest, mice were bred to homozygosity 
(Leprcre/cre, RosaEGFP/EGFP) to enhance the detection of LepRb neurons by EGFP expression. 
All matings were carried out in the University of Michigan Unit for Laboratory Animal 
Medicine, Ann Arbor, MI, USA.

Peptide and antisera

Recombinant mouse leptin was obtained from the National Hormone and Peptide 
Program (Dr. A.F. Parlow, Los Angeles, CA, USA), rabbit anti-Ucn1 was a generous gift 
from Dr. W. W. Vale (no. 5779; The Salk Institute, La Jolla, CA, USA), chicken anti-EGFP 
(no. 13970) was from Abcam (Cambridge, MA, USA), rabbit antiphosphorylation of STAT3 
(pSTAT3) (no. 9131) from Cell Signaling Technology (Danvers, MA, USA), mouse anti-glial 
fibrillary acidic protein (GFAP) (no. GA-5) from ICN Biomedicals (Irvine, CA, USA), goat 
anti-Ucn1 (no. sc-1825) from Santa Cruz Biotechnology (Santa Cruz, CA, USA), and Alexa 
488-conjugated goat anti-chicken and Alexa 594-conjugated donkey anti-rabbit from
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Invitrogen (Carlsbad, CA, USA). Normal donkey serum and the Cy2-conjugated donkey- 
anti-chicken, Cy2-conjugated donkey-anti-goat, Cy3-conjugated donkey-anti-rabbit, and 
Cy^-conjugated donkey-anti-mouse sera were from Jackson ImmunoResearch (West Grove, 
PA, USA). All other immunolabeling supplies were purchased from Sigma Chemical (St. 
Louis, MO, USA).

Tissue preparations

In vivo study with in situ hybridization (LepRb mRNA). Four C57BL/6J male mice were 
deeply anesthetized with an intraperitoneal (i.p.) injection of chloral hydrate (350 mg/kg) 
and perfused transcardially with diethyl pyrocarbonate (DEPC)-treated 0.9% saline followed 
by 10% neutral buffered formalin. After decapitation, brains were removed, postfixed in 10% 
neutral buffered formalin for 4 h at 4 °C, cryoprotected in 20% sucrose in DEPC-treated PBS 
(pH 7.0) for 16 h at 4 °C, and cut coronally into five equal series of 25-^m sections on a 
freezing microtome, which were stored at -2 0  °C in antifreeze solution (Simmons et al., 
1989) until processing for radioactive in situ hybridization.

In vivo studies with immunohistochemistry. The untreated LepRbEGFP mice were used 
to demonstrate LepRb protein. To study the effect of leptin on Ucn1 in the npEW, 16 
LepRbEGFP mice were single housed and injected ip with either leptin (5 mg/kg) or equal 
volume vehicle (sterile PBS, pH 7.4), and killed 2 or 4 h later. To assess the effect of 
disrupted leptin signaling on the npEW, five db/db  and five WT mice were studied. All mice 
were deeply anesthetized with i.p. sodium pentobarbital (150 mg/kg), transcardially perfused 
with ice-cold PBS followed by 4% paraformaldehyde (PFA), for 30 min, decapitated, and 
brains removed and postfixed in 4% PFA (Munzberg et al., 2003), for 16 h. Four 
representative series of coronal sections (30 ^m) were cut with a sliding microtome, into a 
cryoprotective solution (30% ethylene glycol, 30% glycerol; in PBS), and stored at -2 0  °C 
until use for immunohistochemistry.

In vitro brain-slice study with immunohistochemistry. Twelve C57BL/6J pups were 
decapitated, their brains were quickly removed and placed into ice-cold slicing medium  
containing 83.5 mM NaCl, 30 mM KCl, 1.3 mM KH2PO4, 1.2 mM MgCl2, 2.4 mM CaCl2, 2.6 
mM NaHCO3, 2.5 mM glucose, and 1.0 mM HEPES (pH 7.4) (Merck Chemical, Darmstadt, 
Germany). The olfactory bulb and cerebellum were removed, and the remaining tissue was 
glued onto the holding block of a slicing chamber with the cerebellum side pointing upward, 
flooded with the slicing medium, and 300-^m coronal slices containing the npEW (between 
Bregma -3 .2  and -3 .6  mm) (Paxinos and Franklin, 2001) cut with a VT1000S vibratome 
(Leica Microsystems, Wetzlar, Germany) and kept submerged on a grid at room  
temperature in artificial cerebral spinal fluid (ACSF) containing 120 mM NaCl, 2.5 mM 
NaHCO3, 3.5 mM KCl, 1.25 mM NaH2PO4, 1.3 mM MgSO4, 2.5 mM glucose, and 2.5 mM 
CaCl2 (pH 7.4). Slices were incubated with ACSF (controls) or with ACSF + 100 nM leptin, 
for 30 min at 35 °C. Then they were fixed in 4% PFA, for 2 days at 4 °C, and 10 coronal 
sections (25 ^m) at the midlevel of the npEW were cut on the freezing microtome (Microm, 
Walldorf, Germany) for immunohistochemistry.
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In situ hybridization

The in situ hybridization procedure was a modification of that previously reported 
(Elmquist et al., 1998; Scott et al., 2009). In short, sections were rinsed with DEPC-PBS, for 1 
h, and treated with 1% sodium borohydride (Sigma Chemical) in DEPC-PBS, for 15 min, 
briefly rinsed in 0.1 m tetrachlorammonium (pH 8.0), treated with 0.25% acetic anhydride 
in 0.1 M tetrachlorammonium, for 10 min, and rinsed in DEPC-treated 2x sodium 
chloride/sodium citrate (SSC). Sections were incubated for 16 h at 57 °C, with LepR 
riboprobes, generated by in vitro transcription using 35S-labeled uridine triphosphate as 
previously described (Scott et al., 2009) and diluted to 106 cpm/ml in a solution containing 
50% formamide, 10 mM Tris-HCl (pH 8.0) (Life Technologies, Inc.-BRL, Bethesda, MD, 
USA), 5 mg tRNA (Invitrogen), 10 mM dithiothreitol, 10% dextran sulfate, 0.3 M NaCl, 1 
mM EDTA (pH 8.0), and 1x Denhardt's solution (Sigma Chemical). Then they were rinsed 
four times in 4x SSC, and incubated in 0.002% ribonuclease (RNase) A (Roche Applied 
Bioscience, Indianapolis, IN, USA) diluted in a mixture of 0.5 M NaCl, 10 mM Tris-HCl 
(pH 8.0) and 1 mM EDTA (RNase buffer), for 30 min at 37 °C. After another 30 min in 
RNase buffer and two rinses at room temperature in 2x SSC, the sections were rinsed three 
times in 50% formamide in 0.2x SSC, for 10 min at 50 °C, and rinsed 2x SSC at 50 °C, 0.2x 
SSC at 55 °C, and 0.2x SSC at 60 °C, each rinse for 1 h. After rinsing twice in 2x SSC at room  
temperature, sections were mounted on SuperFrost Plus slides (Fisher, Pittsburgh, PA, USA), 
dehydrated in a graded ethanol series, and delipidated in chloroform. After rinses in 100 and 
95% ethanol, slides were air-dried and placed in x-ray film cassettes with BMR-2 film 
(Kodak, Rochester, NY, USA), for 2 days. Next, they were dipped in NTB2 emulsion 
(Kodak), air-dried, and stored in light-tight boxes at 4 °C for 4 weeks. Slides were developed 
with Kodak Dd-19 developer, counterstained with thionin, dehydrated in ethanol, cleared in 
xylene, and mounted. The high specificity of the probes has been shown before (Scott et al.,
2009).

Immunohistochemistry

Single immunolabeling of EGFP was performed on the nontreated LepRbEGFP mice. 
Single immunolabeling of Ucn1 was performed on the PBS/leptin injected LepRbEGFP mice 
(4 h) and WT and db/db  mice. Sections were treated with 0.5% Triton X-100 in PBS, for 30 
min, blocked in 2% normal donkey serum, for 1 h, and incubated in primary chicken anti- 
EGFP (1:1,000), goat anti-Ucn1 (1:100; PBS/leptin injected mice, 4 h), or rabbit anti-Ucn1 
sera (1:30,000; WT and db/db  mice) for 16 h. This was followed by a 2 h incubation with the 
secondary antisera Alexa 488-conjugated goat anti-chicken (1:200), Cy2-conjugated anti
goat IgG (1:100), or Cy3-conjugated anti-rabbit IgG (1:100).

Double immunolabeling of EGFP with Ucn1 or with pSTAT3 was performed on 
control or PBS/leptin-injected LepRbEGFP mice (2 h), respectively. For double 
immunolabeling of EGFP and Ucn1, sections were processed as described for single 
immunolabeling but with incubation in a mixture of the chicken anti-EGFP (1:2,000) and 
rabbit anti-Ucn1 sera (1:30,000), for 16 h, and then in a mixture of Cy2-conjugated anti
chicken IgG and Cy3-conjugated anti-rabbit IgG (1:100), for 2 h. For double
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immunolabeling of EGFP and pSTAT3, sections were pretreated sequentially in 3% H2O2 

and 1% NaOH, for 20 min, 0.3% glycine, for 10 min, and 0.03% sodium dodecyl sulfate, for 
10 min, and processed as described above, with chicken anti-EGFP (1:1,000) and rabbit anti- 
pSTAT3 (1:500) sera for 16 h, and Alexa 488-conjugated goat anti-chicken (1:200) and Alexa 
594-conjugated donkey anti-rabbit (1:200) sera, respectively, for 2 h.

Triple immunolabeling of Ucn1, pSTAT3, and GFAP was performed on in vitro brain 
slices. The same protocol for pSTAT3 immunohistochemistry was applied, with incubation 
in goat anti-Ucn1 (1:100), rabbit anti-pSTAT3 (1:400), and monoclonal mouse anti-GFAP 
(1:100) sera, for 16 h, and then in a mixture of Cy2-conjugated anti-goat IgG, Cy3- 
conjugated anti-rabbit IgG, and Cy^-conjugated anti-mouse IgG (1:100) sera, respectively, 
for 2 h.

Antisera characterization

The high specificities of chicken anti-EGFP (Villanueva and Myers, 2008; Leinninger 
et al., 2009; Myers et al., 2009), mouse anti-GFAP (Kimura et al., 2000), rabbit anti-pSTAT3 
(Ladyman and Grattan, 2004; Scott et al., 2009), goat anti-Ucn1 (Bachtell et al., 2003; 
Gaszner et al., 2009a), and rabbit anti-Ucn1 (Turnbull et al., 1999; Gaszner et al., 2009b; 
Leinninger et al., 2009) have been previously reported. In addition, preabsorption of 
antibodies with the respective synthetic peptides abolished immunostaining in the mouse 
npEW, and omission of primary antisera completely prevented immunoreaction in all cases.

Image analysis

Immunostainings were studied with a BX-51 bright field microscope with DP30BW  
camera (Olympus, Tokyo, Japan) or a confocal laser scanning microscope (Leica 
Microsystems TCS SP2 AOBS system, Wetzlar, Germany). For determinations of the 
amounts of immunoreactive peptide in the npEW, two parameters were determined: 1) the 
number of neuronal perikarya counted in four medial sections of the npEW, and 2) the 
specific immunoreactive signal density (SSD) measured in each of all perikarya present in 
these sections, using ImageJ software (version 1.37; NIH, Bethesda, MD, USA). Data were 
corrected for background density outside the npEW, yielding the SSD expressed in arbitrary 
units per perikaryon.

Electrophysiology

Brain slices (thickness, 300 ^m) of WT C57BL/6J pups made as described above were 
incubated in ACSF, at 37 °C for 30 min, and then stored 2-4 h at room temperature until use. 
Neurons in the npEW, 100-300 ^m ventral to the periaqueductal gray, were studied in the 
cell-attached patch-clamp mode, using an EPC-9 patch-clamp amplifier with patchMaster 
software version 2.20 (HEKA, Lambrecht/Pfaltz, Germany). Data were recorded at 10 kHz 
and filtered using a 12.9-kHz Bessel filter. Patch pipettes with a resistance between 4 and 6 
m fl were pulled from Wiretrol II glass capillaries (Drummond Scientific, Broomall, PA, 
USA) with a PP-83 pipette puller (Narishige Scientific Instrument Laboratories, Tokyo, 
Japan). All solutions were continuously carbogenated (5% CO2-95% O2), and the
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temperature of the superfusate was controlled with an SH-27B in-line temperature heater 
coupled to a TC-324B single channel heater controller (Harvard Apparatus, Holliston, MA, 
USA). Electrical activity was recorded in the cell-attached patch voltage-clamp mode at 0 
mV pipette potential (Yang et al., 2007). Performing measurements in cell-attached mode 
preserved the cytoplasm, and in this configuration, spontaneous firing activity was observed. 
Cell firing activity was recorded in the form of action potential currents, which are the first 
derivatives of action potentials and are mainly due to the capacitive current (Cornelisse et al., 
2002). During recording, cells were incubated in ACSF, followed by ACSF containing 100 
nm leptin, and finally in ACSF to washout leptin. During each incubation, which lasted 3 
min, the interspike interval (ISI), i.e. the time between two successive action currents, was 
averaged over all currents measured. The coefficient of variation (CV) was calculated as 
standard deviation/mean of ISI, according to Yang et al. (2007).

Statistical analysis

Per experimental group, data were expressed as the mean ± standard error of the mean 
and entered in Student's t-test after tests for normality (Shapiro-Wilk test; Shapiro and Wilk, 
1965) and homogeneity of variance (Bartlett's x2 test; Snedecor and Cochran, 1989) (a = 5%).

Results

Expression o f LepRb in npEW -Ucnl neurons

First, we used in situ hybridization to study the presence of LepRb mRNA in C57BL/6J 
mice. Sections of the midbrain were hybridized with a long-form specific antisense LepRb 
probe. In the npEW, neuronal perikarya revealed substantial labeling (Fig. 1A). No staining 
was seen in the npEW when the sense LepRb probe was used (data not shown). Next, we 
applied single-labeling immunofluorescence histochemistry to show the presence of LepRb 
protein in LepRbEGFP mice (Fig. 1E). They revealed an almost continuous, boomerang
shaped population of EGFP-immunoreactive (ir) neurons in the midbrain, starting 
dorsomedially in the npEW, continuing through the rostral linear raphe and ventral 
tegmental area (VTA), and terminating with a few scattered neurons in the substantia nigra 
pars compacta. Using double-labeling immunofluorescence, we showed in npEW neurons 
the coexistence of EGFP-ir with Ucn1-ir (Fig. 1B-D). Nearly all (>90%) EGFP-positive 
neurons revealed Ucn1-ir, whereas about 45% of the Ucn1-ir neurons were positive for 
EGFP (Fig. 1D). None of the EGFP-positive neurons in the linear raphe, VTA, and 
substantia nigra pars compacta showed Ucn1-ir (data not shown). One limitation of the 
genetic model used in this study is that not all of the LepRb neurons will exhibit EGFP-ir, 
because only a subpopulation of LepRb neurons expresses EGFP-ir (Damiani and 
O'Callaghan, 2007; Leinninger et al., 2009).
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Fig. 1. Visualization of midbrain LepRb neurons. A, LepRb mRNA is shown in the npEW by radioactive in situ 
hybridization. E, LepRb-expressing neurons are revealed by EGFP-ir (green) in the midbrain of LepRbEGFP 
mice. EGFP-ir (green) (B) neurons are colocalized (yellow) (D) with Ucnl-ir (red) (C) in the npEW of 
LepRbEGFP mice. Aq, central aqueduct; IPF, fasciculus interpeduncularis; PAG, periaqueductal gray; RLi, 
rostral linear nucleus; SC, colliculus superior; SNC, substantia nigra pars compacta; SNR, substantia nigra 
reticular part; III, nucleus of oculomotor nerve. Scale bar A-D: 20 ^m, E: 100 ^m.

LepRb signaling increases STAT3 phosphorylation

To assess whether LepRb in the npEW is functional, the JAK2-STAT3 pathway was 
evaluated. This signaling pathway is induced when leptin binds to LepRb, resulting in 
pSTAT3. Subsequently, the pSTAT3 is translocated into the nucleus to mediate gene 
transcription (Banks et al., 2000b; Robertson et al., 2008). To determine whether leptin 
stimulates pSTAT3 in the npEW in vivo, LepRbEGFP mice were i.p. injected with PBS or 
leptin. Immunohistochemistry revealed no immunostaining of pSTAT3 anywhere in the 
midbrain 2 h after PBS injection (Fig. 2A). However, 2 h after leptin administration, clear 
pSTAT3 staining was seen to be colocalized with EGFP-ir neurons in the npEW (Fig. 2B). 
To assess whether this stimulatory effect would be due to a direct action of leptin on the 
npEW, brain slices containing the npEW were incubated in vitro with leptin. In fresh, 
control slices, incubated in ACSF, pSTAT3-ir was seen throughout the tissue in GFAP-ir 
astrocytes. This was not surprising because the mere preparation of brain slices is sufficient 
to induce the JAK2-STAT3 pathway in astrocytes (Damiani and O'Callaghan, 2007). Such 
fresh slices never revealed any pSTAT3-ir in neurons, including the U cnl-ir neurons in the 
npEW (Fig. 2C). However, in slices incubated for 30 min with ACSF + 100 nM leptin, 
pSTAT3-ir was not only observed in GFAP-positive astrocytes but also in about 40% of the 
U cnl-ir neurons, which revealed strong labeling of the cell nucleus (triple labeling; Fig. 2D).
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Fig. 2. Increased STAT3 phosphorylation (pSTAT3) by leptin. A and B, in vivo, systemic leptin administration 
(5 mg/kg ip, 2 h) of LepRbEGFP mice induces pSTAT3-ir (red) in the npEW compared with PBS injection. The 
inset shows a high magnification of colocalization of EGFP-ir (green) and nuclear pSTAT3-ir (red). C and D, in 
vitro, incubation with ACSF on midbrain slices, pSTAT3-ir (red) is observed in GFAP-positive (blue) 
astrocytes (C); incubation with leptin induces pSTAT3-ir (red) not only in GFAP-positive (blue) astrocytes but 
also in the Ucn1-ir (green) neurons (D). Scale bar: 20 ^m.

Leptin changes Ucnl peptide content in npEW  neurons

Studying the effect of leptin on the degree of Ucn1-ir of the npEW of C57BL/6J mice 
by semiquantitative immunohistochemistry revealed that, in leptin-injected mice, the 
number of Ucn1-ir neurons was not different from that in PBS-injected controls (P > 0.05; n 
= 5; PBS, 31.9 ± 1.8; leptin, 28.6 ± 2.4). However, the amount of Ucn1-ir per individual 
perikaryon, as assessed by measuring the SSD, was significantly higher in leptin-injected 
mice than in the controls (P < 0.05; n = 5) (Fig. 3A, B, E, F). Next, we performed the same 
experiment with db/db  mice and their control littermates (WT). In the db/db  mice, the 
numbers of npEW-Ucn1-ir neurons and the SSD of Ucn1-ir were significantly lower (P < 
0.0005 and P  < 0.005, respectively; n = 5,) than in WT (Fig. 3C, D, G, H).
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Fig. 3. Regulation of Ucnl content in the npEW by increased and disrupted leptin signaling. A and B, 
fluorescent immunohistochemistry reveals Ucnl-ir (green) in the npEW in PBS and leptin-injected mice (n = 
S). E and F, systemic leptin administration (S mg/kg ip, 4 h) of LepRbEGFP mice increases SSD of Ucnl-ir (F) 
but not the number of Ucnl-ir neurons (E). C and D, fluorescent immunohistochemistry shows Ucnl-ir (red) 
in the npEW in WT and db/db mice (n = S). G and H, the numbers and SSD of Ucnl-ir neurons are decreased 
in db/db mice compared with WT. Scale bar, 20 ^m. * P < 0.0S, *** P < 0.00S.
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To determine the effect of leptin on electrical activity of Ucn1-neurons in the npEW, 
cell-attached voltage-clamp patch-clamp measurements were performed on brain slices of 
C57BL/6J pups. All recorded neurons (n  =  11) spontaneously displayed action current firing, 
with an ISI of 0.37 ± 0.08 sec (Fig. 4A-C). When ACSF + 100 nM leptin was used as 
superfusate, cells showed a reduction in action current frequency (Fig. 4A-C) reflected by an 
increase in the ISI by 32.9% (P < 0.01; n = 11). In the majority of cells (n = 9), this effect was 
reversible upon washing out leptin, returning the ISI to control value (0.39 ± 0.07 sec; P  < 
0.05) (Fig. 4A-C). To test the possibility that leptin regulates the electrical activity of npEW- 
LepRb neurons, we performed patch-clamp electrophysiology in acute brain slices with 
direct leptin administration. Our data demonstrate that leptin inhibited electrical activity in 
approximately 80% of the patched neurons. For two neurons only, the leptin effect could not 
be reversed by leptin washout. In contrast to its effect on the ISI, leptin did never affect the 
CV (P > 0.05; n = 11) (Fig. 4D). The recorded cells likely represent Ucn1-producing neurons, 
because the immunohistochemistry data showed that approximately 90% of EGFP neurons 
were Ucn1 neurons.

Leptin inhibits electrical activ ity  o f  Ucnl neurons

Fig. 4. Cell-attached patch-clamp recordings from the npEW neurons in voltage-clamp mode. A, Example of 
one neuron responding to leptin and washout. B, Number of action current firing plotted with ISI of the 
neuron shown in A. C, Mean ISI increased by leptin application and reversed by washout. D, The CV-value is 
not affected by leptin treatment. * P < 0.05; ** P < 0.01.

Discussion

Based on the expression of LepRb in the npEW (Scott et al., 2009; Xu et al., 2009; 
Caron et al., 20l0), we hypothesized that the peripheral metabolic status would directly 
modulate the activity of the npEW via an action of leptin on LepRb of npEW -Ucnl neurons
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by recruiting JAK-STAT signaling. Our findings on the mouse npEW support this 
hypothesis, for the following reasons: 1) LepRb is present in the npEW, and nearly all 
LepRb-containing neurons produce Ucnl; 2) administration of leptin either peripherally in 
vivo or directly onto the npEW in vitro activates pSTAT3 in npEW -Ucnl neurons; 3) leptin 
administration significantly increases the amount of U cnl in npEW-neurons; 4) LepRb - 
deficient (db/db) mice contain considerably less U cnl than WT mice; and 5) leptin acutely 
reduces the electrical activity of npEW -Ucnl neurons. Together, the present results reveal 
that leptin directly targets npEW -Ucnl neurons to modulate the activity of these neurons, at 
both the short-term (electrical response of U cnl neurons) and long-term (abundance of 
U cnl peptide in npEW neurons) level. Below, we will discuss these conclusions into detail.

LepRb occurs in npEW -Ucnl neurons

First, we demonstrated the production of LepRb by npEW neurons, by showing the 
expression of LepRb mRNA with in situ hybridization, which is in agreement with two 
recent, independent studies (Scott et al., 2009; Caron et al., 20l0). Next, we detected LepRb 
by applying immunohistochemistry to a reporter mouse strain (LepRbEGFP mice) 
(Leinninger et al., 2009; Leshan et al., 2009; Myers et al., 2009). Our finding that EGFP- 
labeled LepRb neurons occur in a characteristic, homogeneous, boomerang-shaped 
midbrain population, encompassing not only the npEW but also the rostral linear raphe, the 
VTA and the substantia nigra pars compacta, is interesting because these anatomically 
distinct neuronal subgroups all originate from the midbrain floor plate (Joksimovic et al.,
2009). The shared phenotype and common origin of these midbrain nuclei suggest an 
important coordinating role for leptin in the midbrain. Although leptin's action on the VTA 
(Fulton et al., 2006; Hommel et al., 2006) is well documented, little is known about the 
hormone's action on other midbrain LepRb-expressing neurons and more in particular on 
such neurons in the npEW. Therefore, and in view of the dominant presence of U cnl in the 
npEW, we tested whether leptin would act on U cnl dynamics in this nucleus and found that 
almost all npEW-neurons that contain LepRb also contain U cnl, and that, conversely, 45% 
of the Ucnl-neurons in the npEW contain LepRb. This situation is similar to that for other 
brain centers that are under physiological control by leptin. For example, 47% of the NPY 
neurons in the arcuate nucleus and 60% of the dopaminergic neurons in the VTA express 
LepRb mRNA (Baskin et al., l999; Hommel et al., 2006). This analogy supports the general 
notion that even though brain centers may be anatomically distinctly structured, they can 
have many different functions, some of which are associated with similar functions of other 
brain centers, in this way establishing networks of collaborating cells that serve the 
coordination of the various central regulations necessary to maintain homeostasis.

Leptin recruits pSTAT3 in npEW  neurons

In view of the capability of leptin to cross the blood-brain barrier in most parts of the 
brain (including the midbrain) (Banks et al., 2000a) and the presence of leptin receptors 
throughout the brain (Elmquist et al., l998; Scott et al., 2009; Caron et al., 20l0), we tested 
whether leptin, by binding to LepRb, would be able to directly affect npEW -Ucnl neurons 
or whether additional input to these neurons from other brain centers would be necessary
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for such leptin-mediated activation. For this purpose, we deprived the npEW from 
peripheral nervous input, by dissecting it out as a thin brain slice that was kept in vitro  and 
treated with leptin. STAT3-tyrosine phosphorylation was used as a read-out parameter for 
npEW-Ucn1 neuron signal, because it represents the action of the common leptin-signaling 
JAK-STAT pathway (Ghilardi et al., 1996; Münzberg et al., 2003; Villanueva and Myers, 
2008). Because we found that acute leptin administration to such brain slices induced within 
30 min STAT3 phosphorylation in many npEW-Ucn1 neurons, we conclude that leptin is 
indeed able to activate these neurons directly, without the support of neuronal input from 
remote brain centers. This finding is likely relevant for the in vivo  situation as well, because 
we also showed that systemic administration of leptin induces pSTAT3 in npEW-LepRb 
neurons. Our observation of leptin-induced recruitment of Ucn1 neurons in the npEW 
extends the recent report on leptin-induced STAT3 phosphorylation in mouse npEW 
neurons (Caron et al., 2010). Because the JAK-STAT signaling pathway transduces external 
neurochemical information to gene promoters on nuclear DNA (Villanueva and Myers, 
2008), our data indicate that leptin may be involved in the control of (possibly Ucnl) gene 
expression and/or Ucn1 biosynthesis.

Leptin regulates npEW -Ucnl production

Although the administration of exogenous leptin often evokes only modest effects in 
normal animals, deficiency in leptin signaling (e.g. lack of leptin receptor) promotes marked 
alterations in neuronal function and mammalian physiology. We show that peripheral 
injection of leptin increases the amount of Ucn1 in npEW-Ucn1 neurons, whereas in db/db  
mice, this amount was strongly decreased. These results clearly show that leptin regulates 
the Ucn1 content of npEW neurons and suggest that although short-term action of leptin 
(as mimicked by our injection study) evokes a moderate increase in cellular Ucn1 content, 
long-term absence of leptin signaling (as occurs in db/db  mice) leads to a profound decrease 
in Ucn1 in the npEW.

Leptin inhibits electrical activity o f npEW  neurons

To test the possibility that leptin regulates the electrical activity of npEW-LepRb 
neurons, we performed patch-clamp electrophysiology in acute brain slices with direct leptin 
administration. Our data demonstrate that leptin inhibits the electrical activity of 
approximately 80% of the patched neurons. This finding is consistent with the described 
action of leptin on the electrical activity of the VTA (Hommel et al., 2006), the dorsal vagal 
nucleus (Williams et al., 2007), the premammillary nucleus of the hypothalamus (Leshan et 
al., 2009), the lateral hypothalamic area (Leinninger et al., 2009), and the dorsal and ventral 
raphe nuclei (Yadav et al., 2009). Based on the fact that approximately 90% of EGFP- and 
pSTAT3-positive neurons are Ucn1-positive and in view of the leptin responses in the 
electrophysiological study, we presume that leptin acts directly via LepRb on the Ucn1- 
neurons, although we cannot exclude a (not very likely) possible involvement of 
interneurons. The electrophysiological response of the mouse npEW to leptin 
administration indicates that rapid signaling downstream of LepRb is an important aspect of 
leptin regulation of the activity of npEW neurons. Meanwhile, leptin's ability to induce
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STAT3 activation supports the idea that the messenger may control long-term (e.g. 
transcriptional) events such as (U cnl) gene expression and U cnl biosynthesis as well.

Based on the anorexigenic action of centrally administered U cnl, one would expect an 
increased release of U cnl from the npEW after leptin injection. Our results do not support 
this expectation but are well in line with the fact that lesioning the EW results in inhibition 
of food intake (Weitemier and Ryabinin, 2005) and that decreased leptin by starvation 
increases U cnl mRNA in the rat npEW (Xu et al., 2009). In addition, high-fat diet decreases 
U cnl mRNA in the npEW too, concomitant with increased plasma leptin (Legendre et al., 
2007). Furthermore, the physiological role of a centrally administered neuropeptide has 
always been difficult to interpret. U cnl administered via an i.c.v. route has access to both 
CRF receptor types, which could lead to differential (even opposing) behavioral, 
physiological and neuroendocrine responses. Central injection of U cnl not only reduces 
food intake (Spina et al., l996) but also increases energy expenditure (De Fanti and Martinez,
2002), increases anxiety-like behavior (D'Anna et al., 2005; Gehlert et al., 2005; Spiga et al.,
2006), and even improves learning and memory (Telegdy et al., 2005), suggesting that the 
physiological role(s) of i.c.v. injected U cnl will highly depend on its concentration, its site of 
action, and the binding affinity with its cognate receptor(s). Taken together, we suppose that 
a negative correlation exists between plasma leptin and U cnl, specifically in the npEW.

Conclusions and functional considerations

The relationship between leptin and the regulation of short- and long-term aspects of 
the activity of U cnl neurons in the npEW, as emanates from the present studies, support the 
notion that these neurons are important in the processing of information about the 
metabolic state of the animal. Interestingly, developmental studies of midbrain 
(dopaminergic) neurons strongly suggest a common origin of midbrain LepRb neurons, 
including the substantia nigra, VTA, rostral linear raphe nucleus, and the npEW 
(Joksimovic et al., 2009; Leinninger et al., 2009). Regulation of the mesolimbic dopaminergic 
system plays an important role in feeding behavior as well as in reward processing (Saper et 
al., 2002; Kelley, 2004; Volkow and Wise, 2005), and the metabolic state is an important 
modulator of such motivational behaviors. It has been suggested that leptin, a major 
messenger of long-term energy balance, can modulate the response to food and non-food 
rewards via the mesolimbic dopaminergic system (Cota et al., 2006). Although the VTA is a 
well-known center modulating reward processing (Saper et al., 2002) and expresses LepRb, 
in a recent study, Leshan et al. (20l0) found that LepRb VTA neurons represent a subclass of 
VTA dopaminergic neurons that specifically innervate and control the central amygdala and 
send only few projections to the nucleus accumbens (Leshan et al., 2010). This clearly 
indicates that yet another population of midbrain LepRb neurons is involved in reward 
processing. In support of such action by particularly the midbrain npEW-Ucnl/LepRb 
expressing neurons is the fact that these neurons are directly regulated by leptin (this study) 
and that U cn l’s ability to reduce food intake is accompanied by a reduced motivation to eat 
(Kinney et al., 200l).
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Abstract

The white adipose tissue-derived hormone leptin targets the brain to regulate feeding, 
neuroendocrine function and metabolism. The leptin receptor is present in hypothalamic 
centers controlling energy metabolism as well as in the non-preganglionic Edinger-W estphal 
nucleus (npEW), a region implicated in stress adaptation and multiple aspects o f stress-related 
behaviors, including feeding. The npEW  is the m ost dom inant site o f urocortin-1 (U cnl) in the 
m amm alian brain and cocaine- and am phetamine-regulated transcript peptide (CART) is 
highly expressed in this nucleus as well. CART is strongly colocalized with Ucnl in the npEW  
neurons and it has a well-established role in hypothalamic feeding circuitries. Here we show  
that in rats, leptin binds to neurons o f the npEW, stimulates STAT3 phosphorylation, and  
increases Ucnl and CART production/storage in a tim e-dependent manner. In addition, we 
dem onstrated that these neurons contain Ucnl and CART, and are retrogradely labeled after 
PRV-GFP injection into white adipose tissue (W AT). Taken together, these data strongly 
indicate the existence o f  a regulatory circuitry containing W A T and npEW  U cnl/C A R T  
neurons and that the npEW  is targeted by peripheral leptin to influence physiological 
mechanisms related to feeding and stress adaptation.
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Introduction

Energy homeostasis requires tight regulation of food intake and fat storage (e.g. Arora 
and Anubhuti, 2006; Morton et al., 2006; Dhillo, 2007). A critical hormonal signal, leptin, 
the product of the ob gene and produced by adipocytes, conveys information to the brain 
about the amount of peripherally stored fat (Zhang et al., l994). Leptin primarily targets the 
hypothalamus, to regulate food intake and energy expenditure (Sahu, 2004; Simerly, 2008). 
It acts through its receptor, LepRb, the product of the db gene, and its intracellular signaling 
is initiated by autophosphorylation of janus kinase 2 (JAK2) and activation of the signal 
transducer and activator of transcription 3 (STAT3) (Ghilardi et al., l996; Villaneuva and 
Myers, 2008). Activated STAT3 dimerizes and then translocates to the nucleus to activate 
target genes (Banks et al., 2000b; Villaneuva and Myers, 2008). Furthermore, leptin-induced 
activation of insulin receptor substrates and the protein kinase B (AKT) pathway stimulates 
food intake (Niswender et al., 2004), whereas modulation of extracellular regulated kinase 
(ERK) also plays a role in energy homeostasis (Rahmouni et al., 2009).

While most studies on the complex actions of leptin have been focused on the 
hypothalamic arcuate nucleus (ARC), there is evidence that leptin has direct effects on other 
brain nuclei as well. Apparently, the protein can enter almost all brain regions, including the 
midbrain (Banks et al., 2000a), and LepRb is expressed in many extrahypothalamic areas 
(Elmquist et al., l998). More specifically, recent systematic mapping of the distribution of 
LepRb in a LepRb-IRES-Cre EYFP reporter mouse, revealed substantial LepRb expression in 
brain areas where the receptor had not been found before (Scott et al., 2009). One such area 
is the non-preganglionic Edinger-Westphal nucleus (npEW), located in the rostral part of 
the midbrain (Scott et al., 2009; Caron et al., 20l0; Xu et al., 20 lla ). Interestingly, electrical 
lesioning of the npEW strongly decreases general food intake (Weitemier and Ryabinin, 
2005), suggesting the nucleus’ involvement in the regulation of feeding activity. Indeed, we 
recently found that rodent npEW-neurons contain LepRb mRNA. Moreover, in rat these 
neurons respond to two days of fasting with a strong upregulation of the mRNAs of 
urocortin-l (U cnl) and cocaine- and amphetamine-regulated transcript peptide (CART) 
(Xu et al., 2009, 20l0). The presence in npEW neurons of these two neuropeptides strongly 
suggests that the npEW is involved in the regulation of energy metabolism, as will be 
explained hereafter.

The vast majority of U cnl neurons in the mammalian brain are located in the npEW 
(Kozicz 2007), and they have been extensively studied for their role in stress adaptation 
(Weninger et al., l999, 2000; Kozicz et al., 200l, 2 0 ll; Gaszner et al., 2004; Korosi et al., 2005; 
Kozicz, 2007). However, intracerebroventricular (i.c.v.) administration of U cnl does not 
only exert a potent anxiogenic effect but also modulates feeding behavior (Spina et al., l996; 
Jones et al., l998; Smagin et al., l998), indicating a role of U cnl in energy metabolism.

CART is widely distributed in the central nervous system (CNS) and involved in the 
regulation of a variety of physiological processes including food intake, maintenance of body 
weight, and reward seeking behaviour (Couceyro et al., l997; Koylu et al., l998; Miraglia del 
Giudice et al., 2006; Rogge et al., 2008). It has a well-established role in hypothalamic feeding 
circuitries (Kristensen et al., l998; Lambert et al., l998; Vicentic et al., 2006). I.c.v.
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administration of CART decreases feeding activity and increases energy expenditure 
(Kristensen et al., 1998). In the npEW CART co-exists with U cnl in neuronal secretory 
vesicles (Van Wijk et al., 2009).

Although the Edinger-Westphal nucleus has been traditionally considered as the 
parasympathetic component of the oculomotor complex (e.g. Warwick, 1954; Klooster et al., 
1993), retrograde labeling of its neurons has been reported after injection of pseudorabies 
virus (PRV) into the pancreas, the stellate ganglion (a principal sympathetic ganglion), 
brown adipose tissue (BAT), and spleen (Jansen et al., 1997; Farkas et al., 1998; Cano et al., 
2001). In addition, Ucn1-immunoreactive (ir) fibers occur in the mouse spinal cord, 
especially in lamina VII and around the central canal (Korosi et al., 2006). These facts raise 
the hypothesis that the npEW plays a role in the sympathetic control of various peripheral 
organs.

On the basis of the above data on the neuropeptide contents, secretory dynamics and 
peripheral targets of the npEW, we have tested our hypothesis that npEW-Ucn1/CART 
neurons are involved in the regulation of feeding activity, by leptin signaling. For that 
purpose, we first assessed leptin binding to LepRb in the npEW by immunofluorescence. 
Then, we studied the effect of peripheral leptin administration to rats on the npEW 
dynamics of Ucn1 and CART peptides and their mRNAs, as well as of pSTAT3, pAKT and 
pERK, in a time-course experiment. These studies were carried out using quantitative 
immunohistochemistry and in situ hybridization. Finally, to test if the npEW plays a role in 
autonomic regulation of energy metabolism, we studied a possible connection between 
npEW-Ucn1/CART neurons and peripheral white adipose tissue (WAT) using a retrograde 
tracing technique.

Experimental Procedures

Animals

Twenty-eight male Wistar-R Amsterdam rats (225-250 g; bred in the Animal Facility 
of the Department of Anatomy, Pecs, Hungary) were used for the leptin injection 
experiment, eight male Wistar rats (250-350 g; Toxi-coop, Budapest, Hungary) for the 
tracing experiment, and two male Wistar Amsterdam rats (225-250 g; Harlan, Ter Horst, 
The Netherlands) for the leptin receptor binding study. All rats were housed in standard 
plastic cages (40x25x20 cm; 6 animals/cage), in a temperature- and humidity-controlled 
environment, on a 12-h light/12-h dark cycle (lights on at 6:00 a.m.) with free access to tap 
water and rat chow. They were allowed to acclimate for one week before starting an 
experiment. For the tracing study, after virus inoculation, rats were housed individually and 
monitored twice a day.

Animals were sacrificed by anesthetization. All efforts were made to minimize the 
number of animals used and their suffering, and all animal handling procedures were 
conducted in accordance with the Pecs University Animal Care and Use Committee.
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Cy3-labeled leptin binding

To test if leptin binds specifically to npEW-neurons, rats were transcardially perfused 
with 50 ml of 0.1 M sodium phosphate-buffered saline (PBS; pH 7.4), decapitated, and their 
brains rapidly dissected. Then, 100 ^m-thick brain sections containing the npEW were 
incubated in 1 ^M Cy3-labeled leptin (Phoenix Pharmaceuticals, Burlingame, CA, USA), for 
20 min at 4 °C, postfixed with 4% paraformaldehyde, mounted on glass slides, and analyzed 
with a confocal laser scanning microscope (Leica Microsystems TCS SP2 AOBS system; 
Wetzlar, Germany). For details of this method, see Cowley et al. (2003) and Abizaid et al.
(2006).

Leptin injection and tracing

Leptin injection. Rats (n = 4 per group) were injected intraperitoneally (i.p.) with either 
leptin (3 mg/kg) or an equal volume vehicle (sterile PBS, pH 7.4), and sacrificed 0, 1, 2 or 4 h 
later. All animals were deeply anesthetized with nembutal (Sanofi, Budapest, Hungary; 100 
mg/kg body weight), and transcardially perfused with 50 ml of 0.1 M PBS (pH 7.4) followed 
by 250 ml 4% ice-cold paraformaldehyde in 0.2 M Millonig sodium phosphate buffer (pH 
7.4). After decapitation, brains were dissected and stored in the paraformaldehyde fixative, 
for 2 days. Then, brains were transferred into 30% sucrose in PBS, and when completely 
submerged, 6 series of 25 ^m-thick coronal sections were cut at the midlevel of the npEW 
(5.0-7.0 mm caudal to the level of Bregma; see Paxinos and Franklin, 2001) on a freezing 
microtome (Microm, Walldorf, Germany), saved in sterile antifreeze solution (0.1 M PBS, 
30% ethylene glycol, 20% glycerol), and stored at -20 °C until further use.

Tracing study. Ba-DupGreen (BDG), a recombinant PRV-Bartha-derived virus 
expressing green fluorescent protein (GFP; Zs. Boldogkoi, University of Szeged, Szeged, 
Hungary) was grown in porcine kidney (PK-15) cells to a titer of 6x108 plaque-forming 
units (PFU)/ml. BDG was concentrated to 1.5x1010 PFU/ml by ultracentrifugation at 70,000 
g (for details see Denes et al., 2006). These virus stocks were aliquoted and stored at -80 oC. 
Aliquots were thawed immediately prior to injection, and stored at 4 oC during surgery.

Eight rats were anesthetized by i.p. injection of a mixture of 50 mg/kg ketamin 
(Richter, Budapest, Hungary), 10 mg/kg xylazin (Spofa, Praha, Czech Republic) and 5 mg/kg 
prometazin (EGIS, Budapest, Hungary). Epididymal WAT was exposed through an 
abdominal midline incision and placed onto a sterile cotton wool. Then, 0.4 |il BDG was 
injected with a Hamilton syringe at five equidistant places into the WAT of the epididymis, 
after which the peritoneum and the abdominal wall were sutured. Five days later, productive 
infection was observed in 6 rats, which were sacrificed by deep anesthetization in nembutal 
and transcardially perfused with 50 ml saline followed by 400 ml ice-cold Zamboni’s 
solution (4% PFA and 0.2% picric acid in 0.1 M PBS; pH 7.4). Brains were postfixed in the 
same fixative, for 16 h, and cryoprotected in 10% sucrose. Four series of 30 ^m sections cut 
and saved as described above, were stored at -20 °C.
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Leptin and antisera

Recombinant mouse leptin was obtained from the National Hormone and Peptide 
Program (Dr. A.F. Parlow, Los Angeles, CA, USA). Monoclonal mouse anti-CART and 
polyclonal rabbit anti-Ucnl sera were generous gifts from Dr. J.T. Clausen (Ca6-l F4D4; 
Novo Nordisk A/S, Bagverd, Denmark) and Dr. W.W. Vale (#5779; The Salk Institute, La 
Jolla, CA, USA), respectively. Monoclonal chicken anti-GFP was from Abcam (#l3970; 
Cambridge, MA, USA), polyclonal rabbit anti-pAKT (#4058) and rabbit anti- 
phosphorylated (p)STAT3 from Cell Signaling Technology (#9l3l; Danvers, MA, USA), and 
polyclonal rabbit anti-pERK (#7976) and goat anti-Ucnl (#sc-l825) from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). Normal donkey serum (NDS) and the Cy2- 
conjugated donkey-anti-mouse, Cy2-conjugated donkey-anti-goat, Cy2-conjugated donkey- 
anti-chicken, Cy3-conjugated donkey-anti-rabbit and Cy5-conjugated donkey-anti-mouse 
sera were obtained from Jackson ImmunoResearch (West Grove, PA, USA). All other 
immunolabeling supplies were from Sigma Chemical (St. Louis, MO, USA).

Immunohistochemistry

Immunofluorescence histochemistry. For single immunolabeling of U cnl or pAKT, 
sections were treated with 0.5% Triton X -l00 in PBS, for 30 min, blocked in 2% NDS, for l h 
and incubated in primary goat anti-Ucnl (l:l00) or rabbit anti-pAKT (l:l00) serum, for l6  
h. This was followed by 2 h incubation with secondary antiserum Cy2-conjugated anti-goat 
IgG (l:l00) or Cy3-conjugated anti-rabbit IgG (l:l00). For single immunolabelling of 
pSTAT3, sections were pretreated sequentially in 3% H2O2/l%  NaOH, for 20 min, 0.3% 
glycine, for l0  min, and 0.03% SDS, for l0  min, and processed as described above, with 
primary rabbit anti-pSTAT3 (l:500) and Cy3-conjugated anti-rabbit IgG secondary 
antiserum (l:l00).

For double immunolabeling of CART and pERK, sections were processed as described 
for single immunolabeling, but with incubation in a mixture of the primary mouse anti
CART (l:l,500) and rabbit anti-pERK sera (l:300), for l6  h, and then in a mixture of Cy2- 
conjugated anti-mouse IgG and Cy3-conjugated anti-rabbit IgG (l:l00), for 2 h.

For triple immunolabeling of GFP, U cnl and CART, sections were processed as 
described for single immunolabeling, but with incubation in a mixture of the primary 
chicken anti-GFP (l:2,000), rabbit anti-Ucnl (l:30,000) and mouse anti-CART (l:l,500), for 
l6  h, and then in a mixture of Cy2-conjugated anti-chicken IgG, Cy3-conjugated anti-rabbit 
IgG and Cy5- conjugated anti-mouse IgG (l:l00), for 2 h.

In situ hybridization

In situ hybridization of U cnl and CART mRNAs was carried out on free-floating 
sections, as follows. Antisense and sense (control) RNA probes were generated using a full 
length 520 bp CART cDNA and linearized 550 bp U cnl cDNA, subcloned in pBluescript 
(Stratagene, Agilent Technologies, Santa Clara, CA, USA), and labeled with D IG -ll-U TP  
using a labeling kit from Roche Molecular Biochemicals (Basel, Switzerland). Sections were 
fixed in 0.l M borax-buffered 4% paraformaldehyde (pH 9.5), at 4 °C for 30 min, and rinsed
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4 x 7 min in 0.1 M PBS. After rinsing in autoclaved MQ water, acetylation was performed 
with 0.25% acetic acid anhydride in 0.1 M tri-ethanolamine buffer (pH 8.0), for 10 min, 
followed by rinsing in 2 times concentrated (2x) standard saline citrate buffer (SSC; pH 7.0), 
for 5 min. Hybridization mixture (50% deionized formamide, 0.3 M NaCl, 0.001 M EDTA, 
Denhardt’s solution, 10% dextran sulphate; pH 7.0) together with 0.5 mg/ml tRNA and the 
mRNA-digoxigenin (DIG) probe (2.5 ng/ml), were placed into a water bath at 80 °C for 5 
min, and then on ice for another 5 min. Sections were incubated in hybridization solution, 
for 16 h at 60°C, rinsed 4 x 7 min with 4x SSC, incubated for 30 min at 37 °C in preheated 
RNAse medium (0.5 M NaCl, 0.01 M Tris/HCl, 0.001 M EDTA, 0.01 mg/ml RNAse A; pH 
8.0) that had been added just before the start of incubation, and stringently rinsed in steps 
with decreasing SSC concentrations (2x, 1x, 0.5x, 0.1x), for 30 min at 58 °C. DIG-label was 
detected with the alkaline phosphatase (AP) method with nitroblue tetrazolium chloride/5- 
bromo-4-chloro-3-indolyl phosphate-toluidine salt (NBT/BCIP) as substrate. Briefly, after 
rinsing 4 x 5 min with buffer A (0.1 M Tris/HCl, 0.15 M NaCl; pH 7.5) sections were pre
incubated in buffer A containing 0.5% blocking agent (Roche) for 1 h, followed by 3 h 
incubation with sheep anti-DIG-AP (Roche; 1:5,000) in buffer A containing 0.5% blocking 
agent. Subsequently, sections were rinsed four times for 5 min in buffer A, followed by two 
times of 5 min rinsing in buffer B (0.1 M Tris/HCl, 0.15 M NaCl, 0.05 M MgCl2; pH 9.5). 
After 16 h incubation in NBT/BCIP medium (10 ml buffer B, 2.4 mg levamisole, 175 ^l 
NBT/BCIP mixture; Roche) in a light-tight box, the reaction was stopped by placing the 
sections in buffer C (0.1 M Tris/HCl, 0.01 M EDTA; pH 8.0).

Antiserum characterization

The high specificities of mouse anti-CART (Koylu et al., 1997), rabbit anti-Fos 
(Gaszner et al., 2004; Korosi et al., 2005), chicken anti-GFP (Leshan et al., 2006; Villanueva 
and Myers, 2008; Leinninger et al., 2009), goat anti-Ucn1 (Bachtell et al., 2003; Gaszner et al., 
2009a), rabbit anti-Ucn1 (Bittencourt et al., 1999; Turnbull et al., 1999; Gaszner et al., 
2009a,b), rabbit anti-pSTAT3 (Ladyman and Gratten, 2004; Scott et al., 2009), rabbit anti
pERK (Letourneux et al., 2006; Kuribara et al., 2011) and rabbit anti-pAKT (Burgos-Ramos 
et al., 2010) sera have been previously reported. In addition, preabsorption of antisera with 
the respective synthetic peptides totally abolished immunostaining in the rat npEW, and 
omission of primary antisera completely prevented immunoreaction in all cases.

Image analysis

Immunostainings were studied with a TCS-SP2-AOBS confocal laser scanning 
microscope (Leica Microsystems, Wetzlar, Germany). For quantitative determination of the 
amounts of immunoreactive peptides in the npEW, two parameters were determined: 1) the 
total number of immunoreactive neurons present in 4 medial sections of the npEW, and 2) 
per neuron, the specific immunoreactivity signal density (SSD) averaged over all neurons 
present in the sections, using Image J software (version 1.37, NIH, Bethesda, MD, USA). The 
SSD was corrected for background density outside the npEW, and expressed in arbitrary 
units per neuron.
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Statistical analysis

The results are presented as the mean and the standard error of the mean (SEM). Data 
were analyzed by two-way analysis of variance (ANOVA; independent variables were 
“leptin” and “time”) preceded by tests for normality (Shapiro and Wilk, 1965) and variance 
(Bartlett’s Chi-square test; Snedecor and Cochran, 1989), and followed by Fisher’s post-hoc 
analysis (Stat Soft, Tulsa, OK, USA) (a = 5%).

Results

The npEW  as a target fo r  leptin

To determine whether leptin binds to neurons of the npEW, we studied the presence 
of Cy3-labeled leptin binding in brain slices containing the npEW. Cy3-fluorescence was 
clearly present in npEW as numerous fluorescent spots in neuronal perikarya (Fig. 1).

Fig. 1. Leptin binding by rat npEW neurons, visualized by incubating brain section in Cy3-labeled leptin 
(arrows in A, detail in B). Scale bars: 20 |im.

Intracellular leptin signaling

To obtain an impression of the type of intracellular signaling pathway(s) leptin may 
utilize in the npEW, we assessed if leptin administration would affect the neuron contents of 
pSTAT3, pAKT and/or pERK, in a time-dependent manner. As a positive control, we first 
immunohistochemically demonstrated that i.p. leptin administration induced pSTAT3-ir in 
the nuclei o f neurons in the mediobasal hypothalamus relative to saline-treated animals, 
with a maximal effect after 2 h (Fig. 2A-C). When applying this staining to the npEW, 
pSTAT3-ir in neuronal nuclei (Fig. 2D-F) was observed indeed 2 h after leptin 
administration, whereas no immunopositive nuclei were seen after 1 and 4 h. Saline-injected 
rats did not show a pSTAT3-signal at any time point. In the mediobasal hypothalamus, 
leptin administration induced pAKT-ir relative to saline-treated animals, with a maximal 
effect at 4 h (Fig. 3). However, no pAKT-ir was observed in the npEW at any time point after 
leptin administration.
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Fig. 2. Recruitment of the JAK2-STAT3 pathway in the rat brain 1, 2 and 4 h after leptin administration. (A-F) 
Cy3 -labeling shows pSTAT3-ir in nuclei of neurons in the mediobasal hypothalamus (MBH) and in the npEW 
especially 2 h after leptin administration. Scale bars: 20 ^m.
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Fig. 3. Recruitment of the AKT pathway in the rat MBH, especially 4 h after leptin administration (A-C). No 
pAKT-ir is seen in the npEW (D-F). Scale bars: 20 ^m.



96 | Chapter 7

As to the number of pERK-ir neurons, ANOVA revealed effects of leptin (£1,23 = 9.45; 
P  < 0.01) and time (£3,23 = 5.14; P  < 0.01), and a leptin x time interaction (£3,23 = 3.25; P  < 
0.05). For the saline group, no difference was observed at any time point (Fig. 4A-D), but in 
the leptin group, at 4 h the number of pERK-positive neurons was markedly lower than at 0 
h (-71%; P  < 0.05; Fig. 4E, H, I), 1 h (-79%; P  < 0.0005; Fig. 4F, H, I) and 2 h (-74%; P  < 0.01; 
Fig. 4G, H, I). As a result, at 4 h, this number was markedly lower (-78%; Fig. 4D, H, I) than 
in the saline group.

As to the SSD of the pERK-ir neurons, ANOVA revealed an effect of time (£3,23 = 7.26; 
P  < 0.005) because 1 h after leptin injection, the SSD had increased in both the saline (+40%; 
P  = 0.06; Fig. 4B, J) and leptin (+53%; P  < 0.05; Fig. 4F, J) group. This effect was only 
transient, as afterwards the SSD decreased again. However, whereas at 4 h the SSD of saline- 
injected animals had returned to basal value (Fig. 4D), in leptin-injected rats the SSD even 
reached a strongly subbasal level, i.e., well below the level of the saline group (-59%; P  < 
0.005; Fig. 4D, H, J).

0 1 2 4 0 1 2 4

Fig. 4. Recruitment of the ERK pathway in the npEW, as shown by Cy3-labeling of pERK-ir after 
administration of PBS (controls; A-D) or leptin (E-H) for 0, l, 2 and 4 h. Quantitation of the number of 
immunoreactive neurons per section is given in (I) and the SSD of the immunosignal of individual neurons in 
(J), in arbitrary units (a.u.). Vertical bars represent means ± SEM. Asterisk indicates statistically significant 
difference between leptin and control group. Significant difference between groups treated for different periods 
with leptin is marked by “#”. P < 0.05. Scale bars: 20 |im.
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Quantitative Ucnl and CART in situ hybridization

To assess U cnl and CART mRNA contents, in situ  hybridization was performed. 
Clear hybridization signals were found for both mRNAs (Fig. 5), which were quantified by 
counting the number of mRNA-expressing neurons and determining the neuronal SSD. 
With ANOVA, for the number of U cnl mRNA-expressing neurons, no effects for “leptin”, 
“time” or “leptin x time” were observed (Fig. 5I). However, the SSD of U cnl mRNA- 
expressing neurons showed a different picture: ANOVA revealed significant effects of leptin 
(F 1,24 = 11.46; P < 0.005), time (£3,24 = 3.71; P < 0.05) and leptin x time (£3,24 = 3.5; P  < 0.05). 
Further analysis showed that in saline-injected animals, the SSD showed a tendency to 
increase at 1 h after injection (+18%; P  = 0.09; Fig. 5B, J); 4 h after injection, but a significant 
decrease in the SSD was observed compared to 1 h (-32%; P < 0.005; Fig. 5B, D, J) and to 2 h 
(-22%; P  < 0.05; Fig. 5C, D, J).

Ü  Number of Ucnl mRNA-exoressina neurons p i i  SSD Ucnl mRNA

0 1 2 4 0 1 2 4

Fig. 5. Ucnl mRNA in the npEW after administration of PBS (controls; A-D) or leptin (E-H) for 0, 1, 2 and 4 h. 
Quantitation of the number immunoreactive neurons per section is given in (I) and the SSD of the 
immunosignal of individual neurons in (J), in arbitrary units (a.u.). Vertical bars represent means ± SEM. 
Asterisk indicates statistically significant difference between leptin and control group. Significant difference 
between groups treated for different periods with PBS and leptin is marked by “$” and “#” respectively. P < 
0.05. Scale bars: 20 ^m.
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In the leptin group, 1 h after injection, the SSD of U cnl mRNA staining had increased 
(+24%; P  < 0.05; Fig. 5F, J) and remained at that level at 2 and 4 h (Fig. 5G, H). As a result of 
these dynamic responses, 4 h after injection, the SSD of U cnl mRNA-expressing neurons 
was markedly higher (+54%; Fig. 5D, H, J) in the leptin group than in the saline group (P < 
0.0005).

As to CART, like in the case of U cnl, ANOVA did not show any effect of leptin 
injection on the number of hybridization-positive npEW neurons (Fig. 6I), but it did reveal 
a clear effect on their SSD (F ^  = 8.42; P  < 0.01). While no significant difference was 
observed between saline and leptin-injected rats at 0, 1 and 2 h (P > 0.05; Fig. 6A-C, E-G), at 
4 h the SSD of CART mRNA staining was substantially higher in the leptin group (+40%; P
< 0.005; Fig. 6D, H, J) than in the saline group.

0 1 2 4 0 1 2 4

Fig. 6. CART mRNA in the npEW after administration of PBS (controls; A-D) or leptin (E-H) for 0, 1, 2 and 4 
h. Quantitation of the number of immunoreactive neurons per section is given in (I) and the SSD of the 
immunosignal of individual neurons in (J), in arbitrary units (a.u.). Vertical bars represent means ± SEM. 
Asterisk indicates statistically significant difference between leptin and control group. Significant difference 
between groups treated for different periods with leptin is marked by “#”. P < 0.05. Scale bars: 20 ^m.
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Immunohistochemical determination o f Ucn1 and CART

To determine the amounts of U cnl and CART peptides in the npEW in response to 
leptin injection, we measured the numbers and the SSD of the respective immunopositive 
neurons (Fig. 7). As to the number of U cnl-ir neurons, no effect of “leptin”, “time” or 
“leptin x time” was observed (Fig. 6A). However, ANOVA of the SSD of these neurons 
revealed an almost significant effect of leptin (FU4 = 3.74; P  = 0.06), and post-hoc analysis 
showed a main effect of leptin after 4 h, because the SSD was markedly higher (+48%; P  < 
0.05) in the leptin-injected rats than in saline-injected ones (Fig. 6B).

As to CART-ir neurons, the ANOVA revealed a time effect for both the number (F33 

= 4.18, P  < 0.05) and the SSD (F33  = 7.83, P  < 0.001). Post-hoc analysis showed an increased 
number of CART neurons only 2 h after injection, which held for both the saline and leptin 
group, which did not differ from each other (+19% for both; P  < 0.05; Fig. 7C). The SSD also 
revealed an effect of injection (Fig. 7D), as it was higher at 1 h in both the saline (+48%; P  < 
0.01) and the leptin (+50%; P  < 0.005) group. However, after 4 h, the SSD had returned to 
basal value in both groups (Fig. 7D). No effect of leptin on the SSD was noted.

Fig. 7. Ucn1- and CART-immunoreactivities in the npEW after injection with PBS (controls) or leptin. 
Numbers of Ucn1-ir (A) and CART-ir (C) are given per section, and the SSD (in B and D, respectively) in 
arbitrary units (a.u.). Vertical bars represent means ± SEM. Asterisk indicates statistically significant difference 
between leptin and control group. Significant difference between groups treated for different periods with PBS 
and leptin is marked by “$” and “#” respectively. P < 0.05.

Projections from  the npEW  to W AT

The above detailed results clearly show that leptin recruits intracellular signaling 
pathways and can modify the neuronal activity of npEW Ucn1 and CART neurons. To 
explore if these neurons would control/regulate WAT (via the autonomic nervous system)
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we have injected PRV-BDG into the epididymal WAT. Five days after inoculation, the 
npEW revealed strong PRV-GFP-ir, each medial level section of the npEW (Bregma: -5.20 
mm to -6.30 mm; Paxinos and Watson, 1997) showing about 10 immunopositive neurons 
(Fig. 8A). Triple immunolabeling demonstrated that about 80% of the labeled neurons were 
U cnl- and CART-positive (Fig. 8D, H).

Fig. 8. Retrogradely labeled neurons found in the npEW five days after PRV injection into epididymal WAT. 
Triple immunofluorescence for GFP (PRV virus, green, A), Ucnl (red, B) and CART (blue, C) in the npEW. 
The merged image (D) shows some degree of co-existence of Ucnl, CART and virus. (E-H) Details of A-D. Aq, 
aqueduct, PAG: periaqueductal grey. Scale bars: 20 ^m.

Discussion

Based on the expression o f LepRb in the rat npEW (Xu et al., 2009) and the fact that 
leptin regulates U cnl neurons in the mouse npEW (Xu et al., 2011a), we hypothesized that 
in the rat brain, leptin targets neurons in the npEW to modulate the production and storage 
of U cnl and CART in a time-dependent manner, and that these effects would be mediated 
via one or more intracellular signaling pathways in which STAT3, AKT and/or ERK play a 
main role. To test this hypothesis, we determined in the rat npEW the temporal effects of 
leptin administration (0, 1, 2 and 4 h) on U cnl and CART mRNAs and peptides on three 
important signaling pathways known to be involved in leptin signaling, namely JAK2- 
STAT3, PI3K-AKT and MAPK-ERK. The results support the hypothesis, as follows: (1) 
leptin has the ability to bind to neurons in the npEW, (2) peripheral administration of leptin 
increases the amount of pSTAT3 at 2 h and decreases the amount o f pERK, and (3) this 
leptin administration modulates the production/storage of U cnl and CART. Finally, our 
results using PRV-BDG retrograde viral labeling strongly suggest the existence o f a 
regulatory circuitry between WAT and npEW Ucnl/CART neurons. Below these findings 
will be discussed in detail.
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Technical considerations

Leptin enters all regions of the brain, but the rate and amount of leptin movement 
through the brain vary considerably among different brain regions (Banks et al., 2000a). 
Faouzi et al. (2007) showed that even within the relatively small area of the hypothalamus, 
circulating leptin accesses individual nuclei with different speeds. In particular the ARC 
responds rapidly and sensitively to peripherally applied leptin. Upon administration, it took 
leptin only less than 30 min to phosphorylate STAT3, whereas it lasted 1-2 hours before 
leptin induced pSTAT3 phosphorylation in the lateral, dorsomedial and ventromedial 
hypothalamus (Faouzi et al., 2007). In view of this differential accessibility of brain nuclei to 
leptin, we took brain samples at four different time points, viz. 0, 1, 2 and 4 h after leptin 
injection.

During the last decade extensive evidence was obtained for a role of the mammalian 
npEW in the stress response (Weninger et al., 2000; Gaszner et al., 2004; Korosi et al., 2005; 
Kozicz et al., 2007; Xu et al., 2010). Therefore, the experimental studies involving this 
nucleus should be scrutinized for biases caused by unwanted stress effects. In our study, 
animals received an i.p. injection of either saline or leptin and were sacrificed at four time 
points. It is well known that acute stress (e.g. novelty, restraint) causes an elevated plasma 
corticosterone titer within minutes after the initiation of the stress (Marin et al., 2007). 
Specifically, the injection procedure, either with leptin or with saline, could act as a stressor, 
evoking a stress response. Time 0 h was measured to determine basal activity of the brain 
nucleus under study, while the 1 h sampling point allowed us to check for an effect of the 
injection procedure. We observed that 1 h post-injection the npEW was similarly activated 
in saline- and leptin-injected animals, as shown by the increased amounts of pERK-ir. Not 
only pERK but also Ucn1 mRNA in the npEW showed a typical stress response (Weninger 
et al., 2000; Kozicz et al., 2001). Since at later time points neither pERK nor Ucn1 showed a 
stress-related response, we conclude that the injection itself acted as a stressor, but only 
during the first hour after saline/leptin administration.

Leptin targets npEW-neurons

From the Cy3-leptin binding study, it appears that leptin binds to neurons of the rat 
npEW. In view of the fact that LepRs are mainly expressed in rat Ucn1/CART neurons (Xu 
et al., 2009) and that leptin directly regulates the activity of Ucn1 neurons in the mouse 
npEW (Xu et al., 2011a), it seems likely that also in the rat brain leptin can directly regulate 
the activity of Ucn1/CART-neurons in the npEW.

Leptin recruits different signaling pathways in npEW  neurons

Since leptin binding to LepRb promotes robust STAT3 phosphorylation to mediate its 
nuclear translocation and transcriptional activation (Münzberg et al., 2005), we used 
pSTAT3 as a read-out parameter for npEW signaling, measuring STAT3 phosphorylation at 
three time points (1, 2 and 4 h after leptin administration). Our data reveal that leptin 
treatment induced pSTAT3 only 2 h after leptin administration, whereas no 
phosphorylation of STAT3 was seen after 1 and 4 h of i.p. leptin injection. Apparently, leptin
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needs more than one hour to exert its effect on the midbrain npEW and this action is 
already terminated 4 h post-leptin injection. While this activation pattern of pSTAT3 in 
npEW is well in line with the temporary dynamics of leptin action in the dorsalmedial and 
ventralmedial hypothalamus (DMH, VMH; Faouzi et al., 2007), it is in contrast to leptin- 
induced STAT3 phosphorylation in the ARC, which peaks already at 30 min after leptin 
injection and persists for at least 6 h (Guo et al., 2004). The relatively transient action of 
leptin on the npEW is in accord with our finding of a rapid, short-term modulating effect of 
leptin on the electrical activity on the npEW (Xu et al., 2011a), and apparently depends on a 
npEW-specific mechanism that clearly differs from that in the ARC. Nevertheless, in spite of 
this transient action, leptin’s ability to activate STAT3 indicates that this metabolic 
messenger may (also) be involved in the control of long-term transcriptional changes, such 
as Ucn1 and CA RT  gene expressions.

Leptin activation of other signaling molecules downstream of LepRb, such as those 
constituting the PI3K-AKT and MAPK-ERK pathways, has been shown to play a role in the 
control of energy homeostasis (Niswender et al., 2001, 2004; Rahmouni et al., 2009). In the 
present study no phosphorylation of AKT was detected in the npEW, suggesting that this 
pathway is not involved in the leptin action in this nucleus. This idea should not be 
surprising because no changes in pAKT were observed upon leptin infusion in the 
hypothalamus either (Burgos-Ramos et al., 2010), as well as the effect of leptin on food 
intake does not seem to involve AKT activation (Carvalheira et al., 2005). With regard to 
ERK, the situation is different, as we showed that 4 hours after leptin injection, the amount 
of pERK-ir was markedly reduced compared to rats injected with saline. This effect differs 
from the effect of leptin on ERK in other parts of the brain. For instance, leptin rapidly 
(within 30 minutes) activates ERK in the hypothalamus, but no leptin effects are obvious in 
extrahypothalamic nuclei like the nucleus of the solitary tract (Benomar et al., 2005; 
Rahmouni et al., 2009). Apparently, the action of leptin is brain area-specific and depends 
on the components of signaling pathways downstream of ERK, in this way exerting multiple 
functions (cf. Berhow et al., 1996; Hetman and Gozdz, 2004; Subramaniam and Unsicker,
2010).

Leptin regulates Ucn1 and CART expressions in a tim e-dependent manner

Ucn1 and CART have much in common. They are almost 100% colocalized in the 
same npEW neurons (Kozicz, 2003), co-exist even within the same secretory vesicles (Van 
Wijk et al., 2009), and generally respond in the same way to the same stimuli (fasting, 
stressors) (Xu et al., 2009; Okere et al., 2010). They are anorexigenic and play a role in the 
stress response. Moreover, as we show here by measuring mRNA amounts, both Ucn1 and 
CART  gene expressions are induced in a time-dependent fashion by a peripheral leptin rise. 
As early as 2 h after leptin injection, Ucn1 mRNA contents were elevated, whereas another 2 
h later we found increased amounts of both Ucn1 mRNA and CART mRNA. This suggests 
that in the npEW, leptin induces Ucn1 expression more rapidly than CART  expression. This 
difference is also reflected in the amount of Ucn1 and CART peptide, as Ucn1-ir was already 
increased 4 h after leptin injection, when CART-ir was not changed yet. This could possibly 
be related to relative differences in the activation time and strengths of transcription,
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translation, posttranslational processing, sorting and/or packaging of these neuropeptides 
into secretory vesicles. This intriguing notion may suggest differential roles of U cnl and 
CART in response to a peripheral leptin change, which deserves further detailed study.

A role o f  npEW  Ucn1/CART neurons in the autonomic control o f  W A T

In the present study, we demonstrate that neurons in the npEW that contain Ucnl 
and CART were retrogradely labeled after PRV-GFP injection into epididymal WAT. PRV is 
taken up by cells after binding to viral attachment protein molecules found on the surface of 
cell membranes. The virus replicates inside the infected cell, thereby acting as a self- 
amplifying cell marker (Strack and Loewy, 1990; Jansen et al., 1993). It then 
transsynaptically moves retrogradely to presynaptic neurons. This process continues, 
causing infections along the neuronal axis from the periphery up to central nervous system 
(CNS) sites (Strack and Loewy, 1990; Jansen et al., 1993). On the basis of such PRV studies, 
it has been suggested that components of the sympathetic nervous system (SNS) control 
peripheral WAT (Youngstrom and Bartness, 1995). Later, Bamshad et al. (1998) identified 
several CNS regions that control these SNS components, such as the nucleus of the solitary 
tract, the rostroventrolateral reticular nucleus, the paraventricular nucleus (PVN) and the 
medial preoptic area. Our data strongly support the view that the npEW is another of these 
CNS regions, controlling WAT via the SNS. Much circumstantial evidence supports this 
idea. Bittencourt et al. (1999) found that Ucn1-ir neurons in npEW do project to the 
intermediolateral column of the spinal cord (IML), and Korosi et al. (2007) demonstrated 
large numbers of Ucn1-ir terminal and abundant CRF receptor mRNA in the thoracic part 
of IML, a structure containing preganglionic sympathetic neurons (Grant and Koerber,
2004). Moreover, the sympathetic outflow to the peripheral organs, such as spleen and BAT, 
was controlled by multiple brain regions, including the EW (Cano et al., 2001; Zhang et al.,
2011). Furthermore, central Ucn1 administration activates the sympathetic-regulated energy 
metabolism in rats and this effect can be blocked by a ganglionic blocker (De Fanti and 
Martinez, 2002). Taken this evidence and our data together, we propose that the npEW- 
Ucn1 neurons play a role in lipid mobilization from the WAT via SNS preganglionic 
neurons located in the IML of the spinal cord.

Functional considerations and conclusions

The present study reveals effects of leptin on Ucn1 and CART mRNA and peptide 
dynamics in npEW neurons, as well as on intracellular signaling pathways that seem rather 
specific for the npEW. Our study has also demonstrated a putative role of these neurons in 
the regulation of WAT. In view of an involvement of the npEW in the stress response and 
energy metabolism (Kozicz, 2007; Kozicz et al., 2011; Xu et al., 2010, 2011a,b), it is likely that 
the physiological significance of the action of leptin on the Ucn1-CART neurons in this 
nucleus is related to these processes. The way(s) these peptides translate leptin signals into 
stress adaptation and metabolic responses is unknown. Centrally, the two best known target 
areas of the npEW, the dorsal raphe and the lateral septum, may play key roles in this 
translation as they are under Ucn1 and CART control and are involved in the regulation of 
both stress adaptation and energy metabolism (Weitemier and Ryabinin, 2006; Bakshi et al.,
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2007). In addition, Ucn1 enhances energy expenditure via the central activation of the SNS 
(De Fanti and Martinez, 2002), and our present data support the idea that the npEW acts as 
a central regulator of adipose tissue function, such as lipid mobilization. Taken together, we 
propose a circuitry for the interaction between npEW and WAT: 1) leptin, produced by 
WAT, enters the brain, reaches the npEW, binds to its cognate receptor (LepRb) on 
Ucn1/CART-producing neurons; 2) activation of the LepRb recruits the JAK2-STAT3 
signaling pathway, which then induces gene expression and eventually release of Ucn1 and 
CART; 3) centrally these neuropeptides act on, among other centers, the dorsal raphe and 
lateral septum, whereas peripherally, they control the activity of adipose tissue, via an npEW 
spinal pathway.
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In all vertebrates, including humans, the Edinger-Westphal nucleus (EW) forms a 
well-circumscribed cell group located dorsomedially to the oculomotor nucleus (nIII). 
Traditionally, the EW is considered the location of the parasympathetic preganglionic 
neurons of the ciliary ganglion, which mediates pupillary constriction and lens 
accommodation. Since the neuropeptide urocortin-1 (Ucn1) was discovered by Vaughan et 
al. (1995), an additional, non-preganglionic cell group which contains Ucn1, has been found 
to be associated with the EW (npEW) in several species, including the frog Xenopus, rat, 
mouse, cat, macaque and human (Yamamoto et al., 1998; Calle et al., 2005; Ryabinin et al., 
2005; May et al., 2008). The evolutionary conservation of the Ucn1-containing npEW across 
amphibians and mammals indicates the importance of the nucleus’ biological functions, and 
this notion has formed the objectives of this thesis research. The research has concerned the 
elucidation of the functioning of the npEW in response to stress and leptin signaling. The 
studies described have led to the concept that the npEW is a center integrating information 
about potentially harmful situations and about body energy stores, enabling the brain to 
generate an adequate adaptive response.

The research to increase insight into the functioning of the npEW has been carried out 
in two steps: 1) localizing relevant neuropeptides and the leptin receptor, and 2) 
determining the dynamics of the neuropeptides in response to experimentally induced 
short-term and long-term changes in homeostasis by various stress and feeding conditions. 
The experimental paradigms include: a) administration of acute and chronic stressors (in 
particular, restraint stress and chronic variable mild stress, respectively), b) acute and 
chronic reduction of leptin signaling (by two days fasting, and by leptin receptor gene 
knockout, respectively), and c) acute stimulation of leptin signaling (by leptin 
administration). Studies were performed using a variety of techniques, including 
immunohistochemistry, in situ  hybridization and RT-PCR. Obviously, not all theoretically 
possible combinations of experimental condition and types of neuropeptide and brain 
regulatory centers could be tested. Choices were made on the basis of scientific priority and 
experimental feasibility.

Involvement of the npEW in stress adaptation and feeding regulation

Neuropeptides and leptin receptors in the npEW

Ucn1 not only plays a role in stress adaptation but also has potent effects on feeding 
activity (Vaughan et al., 1995; Spina et al., 1996; Kozicz, 2007) and is predominantly 
expressed in the npEW (Kozicz et al., 1998, 2002). In addition to Ucn1, various other players 
involved in feeding control have been demonstrated in the npEW, viz. cocaine- and 
amphetamine-regulated transcript peptide (CART), nesfatin-1, cholecystokinin and 
receptors for leptin and ghrelin (Innis and Aghajanian, 1986; Kozicz, 2003; Zigman et al., 
2006; Brailoiu et al., 2007), but up to now their possible co-existence in individual npEW 
neurons had not been studied. In this thesis research we have explored these possible co
existences, and have shown by multiple immunohistochemistry in both rat and mouse that 
CART and nesfatin-1 co-exist in the majority of npEW neurons that express Ucn1

Outline of the thesis research



108 | Chapter 8

(Chapters 3 and 5). This finding strongly suggests that these neurons play a central 
regulatory, and possibly integrative, role in the control of feeding, which is in addition to 
their previously established involvement in the stress response (for reviews see Kozicz, 2007; 
Kozicz et al., 2011). Furthermore, we have revealed the ultrastructure of the npEW neurons, 
localized U cnl and CART within the same secretory vesicles by immuno-electron 
microscopy (Chapter 2). This co-existence indicates that U cnl and CART will be secreted 
simultaneously when the U cnl neurons become activated. Next, to understand how leptin 
would modulate the response of the npEW to stressors, we have examined the presence of 
leptin receptors in the npEW, and found that the leptin receptor long-form, LepRb, is 
expressed in a subset of npEW -Ucnl neurons. In Chapter 5 we provide evidence that LepRb 
mRNA is present in the rat npEW and that LepR protein co-exists with U cnl, CART and 
nesfatin-1 in npEW neurons. Furthermore, in Chapter 6 it is described that also the mouse 
npEW contains LepRb mRNA, confirming previous studies (Scott et al., 2009; Caron et al.,
20l0), and that the U cnl neurons concerned contain LepRb as well. Chapter 7 shows that 
leptin binds to rat npEW neurons, strongly suggesting that the npEW exerts its role in the 
stress response in relation to the amount of the animal’s fat reserve, information conveyed 
by leptin to the npEW U cnl neurons. Moreover, in this chapter we report about labeling of 
Ucnl/CART neurons in the npEW after injecting the retrograde porcine pseudorabies virus 
(PRV) tracer into white adipose tissue (WAT), a finding indicating an involvement of these 
neurons in the sympathetic control of mobilization of peripherally stored body fat.

Stressor effects on the npEW

There are many indications for an involvement of the npEW in the stress response. 
The npEW neurons exhibit conspicuous changes in response to acute and chronic stressors. 
It has been extensively shown that exposure of rats to acute pain, ether, restraint and 
lipopolysaccharide stressors results in increased Fos-immunoreactivity (ir), indicating 
induction of immediate early gene (IEG) expression (Kozicz et al., 200l; Gaszner et al., 2004; 
Korosi et al., 2005; Rouwette et al., 2 0 ll; Sterrenburg et al., 2 0 ll) . Furthermore, this stress- 
induced neuronal activation is also seen in the response of U cnl, as U cnl mRNA in the 
npEW is significantly upregulated by acute (pain, restraint, and foot shock) stressors (Kozicz 
et al., 200l; Cespedes et al., 20l0; Rouwette et al., 2 0 ll) . Until recently, these stress effects on 
the npEW had been studied mainly in the rat and concerned U cnl as the major 
neuropeptide in npEW. However, in the mouse, the picture of the function of npEW is 
much less clear than in the rat. On the one hand, some studies in the mouse could not show 
any induction of cFos after acute restraint stress or LPS administration (Turek and Ryabinin, 
2005; Spangler et al., 2009) while on the other hand, Weninger et al. (2000) showed that 
U cnl mRNA becomes significantly upregulated by this acute stressor. To establish the role 
of the rodent npEW in the stress response, we analyzed the effect of acute restraint stress on 
cFos and the neuropeptides U cnl, CART and nesfatin-l in the mouse npEW (Chapter 3). 
The finding that this exposure activates npEW -Ucnl neurons, stimulating the production of 
U cnl, CART and nesfatin-l, favors a role of these neurons in coordinating the stress 
response in the mouse, too. To explain the obvious inconsistencies in the literature, the use 
of different mouse strains may be relevant; it is well known that strain differences exist in
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mouse behavior (Crawley et al., 1997) and therefore it would not be unexpected if strains 
would also differ in their sensitivity to different stressors. Indeed, Ucn1 expression in the 
npEW is strain-dependent (Bachtell et al., 2002), and the B6C3F1/Crl mice used in our study 
may well be more stress-sensitive than the C57BL/6 mouse used by Spangler et al. (2009), 
since B6C3F1 mice displayed a higher anxiety-related behavior than C57BL/6 mice (Benatti 
et al., 2011).

Not only acute but also chronic stressors activate neurons in the rodent npEW, as a 
three-week period of repeated ether stress induces cFos. Although this stressor did not 
influence Ucn1 mRNA expression (Korosi et al., 2005), another chronic stressor, chronic 
variable mild stress (CVMS), did affect the npEW, causing a significant increase in both 
Ucn1 mRNA and peptide contents in the mouse, but only in males (Derks, 2010). 
Furthermore, in human male suicide victims, but not in female suicide victims, Ucn1 
mRNA in the npEW is increased (Kozicz et al., 2008). These findings point out that chronic 
stress has sex-specific effects on the npEW. However, experiments on the effects of chronic 
stressors on this nucleus have mainly been done in mice and humans. Therefore, we have 
analyzed the role of npEW in response to chronic stressors in another rodent model for 
stress physiology research, the rat, and focused on possible sex-specific responses by the 
"feeding peptides" CART and nesfatin-1 (Chapter 4). We found that CVMS activated IEG 
expression in npEW neurons only in males, in line with the previous finding that CVMS 
increased Ucnl gene expression only in male rats (B. Gaszner, personal comm.). Despite the 
sex-related activation of the npEW revealed by cFos measurements, the effects on CART 
and nesfatin-1 were not sex-specific. Apparently, although Ucn1 and CART peptides are 
packed together into the same secretory vesicles (Chapter 2), Ucn1, CART and nesfatin-1 
dynamics in the rat npEW are differentially and sex-dependently affected by chronic 
stressors.

Leptin effects on the npEW

Since adequate stress adaptation strongly depends on the availability of sufficient 
energy, it would be expected that the brain circuitries controlling the stress response are 
accurately informed about the status of peripheral energy stores (cf. Adam and Epel, 2007; 
Gomez-Pinilla, 2008). Leptin is well known for its role in the control of energy homeostasis. 
Its principal central target is the hypothalamic arcuate nucleus, where it exerts anorexigenic 
effects (for reviews, see Sahu, 2004; Simerly, 2008). However, emerging evidence suggests 
another role of this hormone, namely in the regulation of the stress response. Interestingly, 
leptin receptors are expressed in several stress-sensitive brain regions, such as the npEW, 
ventral tegmental area and dorsal raphe nucleus (DR) (Scott et al., 2009; Caron et al., 2010). 
Fasted rats, with lowered plasma leptin, are unable to activate the hypothalamic-pituitary- 
adrenal (HPA)-axis, and a similar situation holds for human subjects (Kirschbaum et al., 
1993; Hanson et al., 1994). Leptin itself does have an effect on the HPA-axis, which inhibits 
its stress-induced activation (Heiman et al., 1997; Ahima et al., 2000; Malendowicz et al., 
2007; Clark et al., 2008). In addition, systemic leptin administration reduces behavioral 
impairments in chronically stressed rats (Heiman et al., 1997; Lu et al., 2006). These findings 
reveal the complexity of the role(s) of leptin in the stress response.
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The studies described in this thesis involve a number of approaches to examine the 
potential roles of leptin in the functioning of the npEW Ucn1/CART system. In Chapters 5 
and 6 we show that LepRb is expressed in about 50% of the npEW-Ucn1 neurons, in both 
rat and mouse. These observations strongly support the view that npEW-Ucn1 neurons are 
informed by leptin about the animal's peripheral metabolic state and may play an important 
role in the control/modulation of food intake and energy balance. In support of this idea, we 
have shown that fasting rats for 2 days causes marked body weight loss, reduces the leptin 
plasma titer, and results in upregulation of Ucn1 and CART mRNAs (Chapter 5). We also 
demonstrate that in the mouse, npEW-Ucn1 neurons respond to leptin with activation of 
the JAK2-STAT3 pathway and, moreover, that leptin inhibits the electrical activity of npEW 
neurons (Chapter 6). Systemic leptin administration increases the Ucn1 and CART contents 
of the npEW, whereas LepRb-deficient mice (db/db  mice) reveal decreased Ucn1 and CART 
expressions in the npEW (Chapter 6; L. Xu, unpublished pilot study). Furthermore, 
peripheral administration of leptin to rats results in an increase in both Ucn1 and CART 
mRNAs and peptide contents in the npEW (Chapter 7). Collectively, these data strongly 
suggest that a positive correlation exists between plasma leptin titer and Ucn1/CART 
dynamics in the npEW, strengthening the idea that leptin is a potent regulator of npEW 
activity. However, no positive correlation was seen in the fasting experiment, as fasting 
resulted in decreased plasma leptin but increased Ucn1/CART mRNA. But fasting might act 
via other factors than leptin because it not only decreases plasma leptin but also increases 
plasma ghrelin and NPY mRNA in the hypothalamus (Savontaus et al., 2002; Luque et al.,
2007). Indeed, Gaszner et al. (2007) demonstrated that i.c.v. administration of NPY activates 
npEW-Ucn1 neurons, resulting in an increased expression of Ucn1 mRNA, a result fully in 
line with our fasting study. As to ghrelin, chronic stressors increase the serum ghrelin titer 
(Lutter et al., 2008) and the receptor of this peptide is present in mouse npEW-Ucn1 
neurons (own unpublished data), providing a basis for ghrelin control of npEW activity.

To summarize, we conclude that leptin has the ability to induce Ucnl and CART  gene 
expressions, in this way providing the neurons with increased capacity to synthesize and 
release Ucn1 and CART in situations of stress and metabolic changes.

Sex differences in the npEW

Until recently, animal research on stress adaptation and on maladaptation that leads to 
brain disorders like anxiety and depression has been largely conducted on male rodents and, 
for that reason, general concepts explaining the mechanisms involved in the etiology of 
these diseases have been constructed without testing their relevance in female animals. 
Consequently, despite the fact that the high susceptibility of females to depression has been 
well documented (Kornstein, 1997; Frackiewicz et al., 2000; Kudielka and Kirschbaum,
2005), the underlying mechanisms are poorly known. Similarly, eating disorders like 
anorexia nervosa, bulimia nervosa, and binge eating are also associated with significantly 
higher morbidity and mortality in women, and ask for more female-oriented research before 
effective treatment of these disorders can be envisaged. In this respect, the rodent npEW 
could be a highly relevant model (e.g. Derks et al., 2007, 2009a,b, 2010). The presence of 
estrogen receptor P (ERP) in the npEW has been demonstrated in the majority of the
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Ucn1/CART neurons (Derks et al., 2007, 2009a,b). Furthermore, during the course of 
pregnancy in rats, Ucn1-ir in the npEW gradually decreases (Fatima et al., 2007). This 
clearly indicates a marked sex-related difference in the neuronal dynamics of Ucn1 and, 
probably, of CART. Therefore, this thesis presents a number of studies on the sex-specificity 
of the npEW that focus at this issue.

Chapters 4 and 5 describe a number of experiments investigating the possible sex- 
specificity of stress and feeding aspects of npEW functioning. After two weeks exposure to 
CVMS, the general activity of the npEW, as indicated by Fos-ir, is increased only in males, 
which is in accordance with several other studies by our laboratory. For instance, sex- 
specificity has been observed for npEW neurons in response to CVMS where Ucnl 
expression was increased after CVMS challenge (Derks, 2010; B. Gaszner, personal comm.) 
and the same phenomenon was found in humans, where Ucnl gene expression appeared to 
be strongly upregulated (about 9 times) in male suicide victims with major depression 
whereas no such upregulation was observed in female depressed suicide victims (Kozicz et 
al., 2008). Evidence also points to a sex-specific role of CART in the stress response, e.g. 
forced swim stress affects CART expression in the hypothalamic nuclei differently in male 
and female rats; i.e. in the PVN, CART expression was up-regulated only in females (Gozen 
et al., 2007). However, as described in Chapter 4, we have not been able to find sex-specific 
effects of stress on CART and nesfatin-1 dynamics in the npEW. Neuroendocrine responses 
to stress are different in the sexes due principally to the sex steroids (Handa et al., 1994), so 
the estrogen action on the npEW may explain the changes only in males but not in females.

Chapter 5 demonstrates a clear sex-specific effect of fasting on the expressions of 
Ucnl and CART, but not on NUCB2. This suggests that, at least in the npEW, the regulation 
of nesfatin-1 differs from that of Ucn1 and CART. In a preliminary study on the effect of 
leptin injection on the npEW of male vs. female rats, we found that leptin caused an increase 
in Ucn1 mRNA in males only, suggesting that this hormone is not involved in npEW- 
mediated feeding regulation in females (L. Xu; unpublished pilot study). Therefore, our 
subsequent experiments on the role of leptin in feeding control (Chapters 6 and 7) were 
focused on males.

Possible targets o f the npEW

The ventrom edial hypothalamus

Central injections of Ucn1 or CART elicit a strong inhibition of food intake (Spina et 
al. 1996; Lambert et al. 1998). Although the CART receptor has not yet been identified, the 
distribution of the receptors for Ucn1, viz. CRF-R1 and CRF-R2, is well known and may 
point to the targets of this neuropeptide (Potter et al. 1994; Lovenberg et al. 1995). The 
ability of Ucn1 to reduce food intake is most probably exerted by Ucn1 acting on the 
ventromedial hypothalamic nucleus (VMH), because injection of Ucn1 into this nucleus 
drastically inhibits food intake for more than 3 hours, whereas no significant effect was 
observed after Ucn1 injection into other hypothalamic nuclei. The inhibitory effect of Ucn1 
was completely reversed by injecting anti-Ucn1 antiserum into the VMH (Ohata et al., 2000). 
Also, i.c.v. Ucn1 injection increases cFos-ir in the VMH (Bittencourt and Sawchenko, 2000).
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Interestingly, the VMH expresses mainly CRF-R2 (Van Pett et al., 2000) and is densely 
innervated by Ucnl-immunoreactive (ir) fibers that most probably originate from neurons 
in the npEW (Kozicz et al., 1998; Bittencourt et al., 1999). Taken these data together, it 
seems plausible that the npEW and VMH play together an important role in Ucnl/CART- 
controlled food intake.

The lateral septum

U cnl neurons send their efferents to the lateral septum (LS) (Bittencourt et al. 1999). 
Although such anatomical data for CART in the npEW are not available, the co-localization 
of CART with U cnl in npEW secretory vesicles and the dense innervation of the LS by 
CART-ir axon terminals (Koylu et al. 1998; Kozicz et al. 2003) suggest that like U cnl, CART 
released from the npEW acts on the LS. U cnl is a high-affinity ligand for CRF-R2 (Vaughan 
et al., 1995), which occurs in the LS (Chalmers et al., 1995; Van Pett et al., 2000). The LS is 
part of the limbic system and is important for memory, learning, reward, stress adaptation 
and feeding. U cnl and CRF-R2 co-exist in the LS (Vaughan et al., 1995; Primus et al., 1997) 
and i.c.v. administration of U cnl induces Fos in the CRF-R2-containing neurons of the LS 
(Vaughan et al., 1995). Stimulation of CRF-R2 by U cnl in the LS reduces feeding and stress- 
related behaviors (Bakshi et al., 2007). All these data favor a role of npEW -Ucnl neurons in 
LS-mediated feeding regulation and stress adaptation.

The dorsal raphe

The dorsal raphe (DR) is the primary site of serotonergic neurons that project to the 
forebrain and to brainstem targets including stress-related neuronal circuits (Lowry, 2008). 
It is assumed that disturbed functioning of these serotonergic systems plays a key role in the 
etiology of depression (Owens and Nemeroff, 1994). Serotonin has also been shown to 
interact with leptin and is strongly involved in the modulation of energy balance (Harris et 
al., 1998; Calapai et al., 1999; Yadav et al., 2009, 2011). However, a recent report 
demonstrated that leptin does not directly affect central serotonin neurons to influence 
appetite (Lam et al., 2011). U cnl neurons project to the DR (Bittencourt et al., 1999; 
Weitemier and Ryabinin, 2005) and CRF-R2 activation in the DR stimulates serotonin 
release (Amat et al., 2004). In addition, injection of U cnl into the DR reduces food and fluid 
consumption (Weitemier and Ryabinin, 2006). Taken together, the leptin-sensitive U cnl 
neurons in the npEW (Chapter 5 and 6) projecting to DR serotonin neurons could be one of 
the missing links between leptin and serotonin neuronal function. The DR is likely the target 
of npEW Ucnl/CART action, and in this way an effector of the npEW in linking stress 
adaptation with feeding regulation.

The sympathetic nervous system; a possible target the npEW

Till now this discussion has been focusing at the central role of the npEW, but our 
finding of PRV-labeled Ucnl/CART neurons in this nucleus after peripheral PRV injection 
(Chapter 7) also points to a peripheral target of the npEW, viz. to the production site of 
leptin, the WAT. Recently, Zhang et al. (2011) demonstrated that the LepRb-containing
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neurons in the mouse npEW become labeled with PRV injected into brown adipose tissue 
(BAT). As PRV is a retrograde marker, both this and our study predict that U cnl neurons in 
the npEW, besides sending efferents to the VMH, LS and DR, have major peripheral 
projections that control, either directly or indirectly, fat tissue dynamics. Major projections 
have been identified that run from the brain to the intermediolateral column of the spinal 
cord (IML; Bittencourt et al., 1999), suggesting that npEW control of fat tissue might 
proceed via components of the sympathetic nervous system (SNS). Moreover, Korosi et al.
(2007) demonstrated large numbers of U cnl-ir terminal and abundant mRNA of both CRF 
receptor types in the IML, which contains preganglionic autonomic neurons (Grant and 
Koerber, 2004). Together, these pieces of anatomical evidence strongly plead for a central 
modulatory role of Ucnl/CART-neurons of the npEW in the sympathetic control of WAT 
and BAT. Further support for this idea comes from the fact that both U cnl and CART 
increase SNS activity (Bray, 2000) and that U cnl as well as CART administration to the 
PVN induce the expression of the Ucpl gene (a marker for BAT activation) in the BAT 
(Wang et al., 2000; Kotz et al., 2002). Recently, we started testing this idea by injecting the 
leptin-conjugated saporin neurotoxin into the npEW to kill LepRb-positive neurons. In this 
way, about 50% of the Ucnl/CART neurons of the npEW were lost, and our preliminary 
analysis reveals that as a result WAT and BAT weights had significantly increased (own 
unpublished data). This result supports the notion that Ucnl/CART neurons in the npEW 
modulate WAT and BAT activity. To specify the kind of Ucnl/CART-activated processes in 
these fat tissues, we will follow up our initial study with experiments to test whether the 
npEW U cnl system is involved in the regulation of WAT and BAT. We will analyze the 
lipolysis and lipogenesis in the WAT by measuring leptin, glucagon, fatty acids in the plasma 
and the expression of key lipogenic proteins such as fatty acid synthase, and analyze the 
activity of BAT by measuring Ucpl expression.

A model

On the basis of the data collected in this thesis research and results reported by others, 
we have constructed a model of the functioning of the Ucnl/CART neurons in the npEW 
(Fig. 1). According to this model, these neurons receive multiple inputs conveying various 
types of information, ranging from endocrine (e.g. estrogen, corticosterone) to metabolic 
(e.g. leptin, ghrelin), nociceptive, and visceral signals (Morimoto et al., 1996; Derks et al., 
2007, 2009a,b; Gaszner et al., 2007; Chapter 5). These signals are received by receptors for 
estrogen (ERß; Derks et al., 2009a,b), corticosterone (GR; own unpublished data), ghrelin 
(GHSR; Kaur and Ryabinin, 2010), leptin (LepRb; Chapters 5 and 6) and NPY (Y1 and Y5 
receptors; Gaszner et al., 2007) on the Ucnl/CART neurons in the npEW. Nesfatin-1 is not 
included in this model and the possible function of nesfatin-1 will be discussed below. In 
addition to these brain centers, we propose that the npEW has peripheral targets, namely 
WAT and BAT (see Chapter 7), which inform the npEW about the available amount of 
energy.
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Fig. 1. Proposed model based on the data collected in this thesis research and from others, representing 
possible functions and actions of the npEW Ucn 1/CART neurons. BAT, brown adipose tissue; CRF-R2, 
corticotropin-releasing factor receptor type 2; DR, dorsal raphe nucleus; GHSR, ghrelin receptor; GR, 
glucocorticoid receptor; ER ,̂ estrogen receptor ;̂ IML, intermediolateral column of the spinal cord; LepRb, 
leptin receptor; LS, lateral septum; NPY-Y1 and Y5, neuropeptide Y receptors Y1 and Y5; VMH, ventromedial 
hypothalamic nucleus; WAT, white adipose tissue.

After integration of these signals, the resulting cellular signaling pathways adjust the 
npEW -neurons’ secretory activity. This leads, in turn, to changes in the synaptic release rate 
of Ucn1 or CART and, therefore, in changed regulation of brain areas targeted by 
Ucn1/CART efferents, including the CRF receptor-containing neurons in the VMH, LS, DR 
and IML (Bittencourt et al., 1999; Weitemier and Ryabinin, 2005; Korosi et al., 2007). Since 
these centers have been implicated in the pathogenesis of the stress- and feeding-related 
disorders (Koolhaas et al., 1998; Sheehan et al., 2004; Sabatier et al., 2007; Lowry et al., 2008; 
Ribeiro et al., 2009; Valentino et al., 2010), malfunctioning of any of these components, 
including the npEW, might lead to disturbances of energy balance of the body (e.g. by 
stressors and suboptimal nutritional state), thereby modulating the activity of the npEW 
neurons in such a way that they adjust the stress response and feeding activity in order to 
guarantee an allostatic control. Failure of this restoration would lead to dysregulation of the 
LS, DR, VMH and/or IML on the one hand, and of WAT and BAT on the other, eventually 
resulting in disorders of mind and body, such as anxiety, depression, anorexia and bulimia.

Perspectives for fundamental and clinical research

Obesity and major depression cause serious health, societal and economic problems. 
In both disorders, there is dysregulation of the stress adaptation systems. Emerging evidence 
suggests that the mediators of the stress response play key roles in both. However, there is 
not one simple approach, such as antiglucocorticoid therapy, that would be sufficient to 
treat both obesity and depression. Still, if maladaptation to stress underlies both disorders, 
one should be able to eventually come up with one, general treatment for both. Perhaps this 
could be found in solving the problem of the control of energy balance. As we have seen, this 
process is a crucial factor in the stress response by the HPA-axis and the npEW system. In 
this thesis, we have described that leptin, a major player in the long-term maintenance of 
energy homeostasis, modulates the activity of the npEW. Leptin appears to have multiple
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effects on the npEW, not only inhibiting electrical activity of the npEW Ucn1/CART 
neurons (Chapter 6), but also promoting the production of Ucn1 and CART by these 
neurons (Chapters 6 and 7). The following studies further support to the notion that 
npEW-Ucn1 could be involved in regulating food intake: a) obesity-related phenotypes (i.e., 
leptin resistance, body mass index) are linked to human chromosome 2 at a position of 
2p21-23, the locus of two potentially interesting genes, Ucnl and POMC  (Comuzzie et al., 
1997; Rotimi et al., 1999; Delplanque et al., 2002), and b) the expression of several genes, 
such as Sh2b1, Negrl, Faim2 and Etv5, has been linked to obesity (T. Kozicz, unpublished 
data). These pieces of evidence strongly support the idea of npEW-Ucn1 involvement in 
obesity. However, to increase our insight into the role and action of leptin in the npEW, 
experiments with selective LepRb ablation in Ucn1 neurons followed by detailed behavioural, 
physiological and neuroendocrine studies as well as analyzing the animal’s fat tissues could 
reveal if leptin plays a crucial role in the regulation of the npEW and consequently in the 
regulation of energy metabolism. We will also need comprehensive neuroanatomical studies 
mapping all connections from LepRb expressing npEW CART/Ucn1 neurons in order to 
identify the postsynaptic neuronal targets of these neurons. If such studies will be 
successfully done, we could establish the physiological significance of leptin signalling 
within the npEW, and its possible contribution to the etiology of obesity and eating 
disorders such as bulimia and anorexia nervosa.

A large body of pharmacological evidence indicates specific roles of npEW-Ucn1 
neurons in anxiety-like behaviors. Specifically, the recruitment of npEW neurons after i.c.v. 
administration of benzodiazepines suggests that the action of benzodiazepines may be 
exerted, at least partly, via regulation of npEW-neuron activity (Skelton et al., 2004). 
However, contrasting results from different studies on Ucn1-knockout mice make it difficult 
to conclude about the significance of Ucn1 in regulating anxiety-like behavior. To unravel 
the physiological functions of the npEW-Ucn1 system in regulating mood, it will be 
necessary to modify Ucn1 expression in the npEW by using site-specific lentivirus injection 
(Sztainberg et al., 2010) or conditional knockout mice, and assess the effect of npEW Ucn1 
neuron loss on the animal’s behavior and mood. These techniques provide the possibility to 
control the expression of Ucn1 in a site-specific as well as in a temporal fashion in order to 
avoid compensatory and adaptive alterations. By using such animal models the biological 
significance of the npEW might become more precisely defined not only for studying 
complex stress-related behaviors, but for eating disorders as well.

Another interesting issue to pursue concerns CART. This peptide has been suggested 
to be involved in depression and anxiety. Injection of CART into rodents stimulates anxiety 
(Stanek, 2006). Studies of genetic polymorphisms in psychiatric disorders have shown that 
CART  is associated with alcohol dependence (Jung et al., 2004) and members of a family 
with a congenital CART  mutation have been reported to exhibit increased anxiety and 
depression (Miraglia Del Giudice et al., 2006). Conclusive demonstration of CART’s 
function in stress and feeding, delineating it from that of Ucn1, might come from viral 
dowregulation experiments of CART in the npEW.

In this thesis research, several experiments were not tested with regard to their 
relevance for nesfatin-1 dynamics. Therefore, it is difficult to draw a clear conclusion about
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this peptide’s function from our study. Central nesfatin-1 is clearly associated with feeding 
(Oh et al., 2006; Kohno et al., 2008). However, stress, a major trigger inducing appetite, 
affects nesfatin-1 neurons in several brain nuclei, including the npEW (Stengel et al., 2009; 
Yoshida et al., 2010; Goebel-Stengel et al., 2011). In Chapter 3, our demonstration of an up- 
regulation of NUCB2 mRNA expression in the npEW after acute stress suggests that 
nesfatin-1 in the npEW may play an important role in the regulation of stress response. The 
existence of such a central action of nesfatin-1 could be further supported by the fact that 
NUCB2 mRNA expression in the npEW is 1.8 times higher in depressed suicide victims 
than in controls (Xu et al., 2011b). In contrast, blocking food intake (2-days fasting) does 
not affect nesfatin-1/NUCB2 expression in the npEW (Chapter 5). Taken together, these 
data strongly suggest that nesfatin-1/NUCB2 in the npEW is primarily involved in the stress 
response, and its influence on appetite regulation could be secondarily induced by stress.

In most of the studies described in this thesis, Ucn1 and CART react to stressors or 
metabolic cues in a similar manner, and the two neuropeptides also have similar 
physiological functions. However, most likely, evolution will not permit that two 
neurotransmitters have exactly the same function. Therefore, it would be a challenge to 
distinguish between functions of these peptides in the npEW. However, the major problem 
in studying CART is that its receptor has not yet been identified. Searching for the CART 
receptor(s) could be one of the future directions of research. One could also use conditional 
knockout-mice or CART mRNA-silencing, to specifically assess the role of CART produced 
in the npEW.

Conclusions of this thesis research

The aim of this thesis research was to test our hypothesis that the npEW serves as an 
integrating center linking energy metabolism with stress adaptation. We have shown indeed 
that the npEW receives information about stress stimuli and the peripheral metabolic state. 
Moreover, it appears that not only the npEW as a whole responds to this information by 
changing its activity, but also that this reaction is a result of the differential reactions of the 
various neuropeptides expressed in this nucleus. Our results extend knowledge of the 
energy-dependent regulation of the stress adaptation response and, hopefully, will 
contribute to broadening insight into the etiology of stress-induced anxiety, depression and 
eating disorders, as well as may stimulate research to identify novel treatments to combat 
these disorders. In this respect, future studies on the mechanisms by which energy balance 
and leptin participate in the regulation of the npEW-Ucn1/CART system will be of 
particular interest.
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The continuously changing environment demands for adequate stress responses to 
maintain the internal dynamic equilibrium of body and mind. A successful stress response 
requires energy in an amount matching the severity of the stressor and the type of response. 
The stress response is generated by the central nervous system, which needs to be informed 
about both the threatening stressor and the availability of energy. The site in the brain where 
this information is integrated to evoke an appropriate stress response is not known. Earlier 
studies have demonstrated that the non-preganglionic Edinger-Westphal nucleus (npEW) 
plays a central role in the regulation of stress response. The present thesis research aims at 
increasing our insight in the role of the npEW in the stress response, in particular with 
respect to its possible role in processing information about energy reserves. A 
multidisciplinary research approach has been applied, using (immuno)electron microscopic 
and quantitative immunohistochemical and molecular-biological (transgene mice, in situ 
hybridization, QRT-PCR) technics.

Chapter 1 gives background information about the stress response and the regulation 
of food intake. In this General Introduction, the function of npEW is reviewed and the 
major neuropeptides in the npEW and peripheral metabolic regulators are introduced. This 
chapter then focuses on a particular regulator, the peripheral hormone leptin, which is 
produced by white adipose tissue and is proposed to play a role in the regulation of npEW 
activity.

Chapter 2 describes studies on the ultrastructural organization of the npEW, with 
special reference to urocortin-1 (Ucnl)-containing neurons. Their ultrastructure reveals the 
typical picture of active peptidergic cells with a high density of cell organelles involved in the 
secretory process. The co-existence of Ucnl and cocaine- and amphetamine-regulated 
transcript peptide (CART) within the same secretory vesicles suggests that Ucnl and CART 
are secreted simultaneously. Studying the configurations of synaptic contact in the npEW 
provides strong evidence that the npEW is complexly controlled by possibly both excitatory 
and inhibitory regulatory inputs. These ultrastructural data form the morphological basis for 
future studies on the effects of acute and chronic stressors and of feeding conditions on the 
plastic properties of the npEW -Ucnl neurons.

Chapters 3 and 4 deal with the presence and dynamic stress responses by multiple 
neuropeptides in the npEW of rodents, at the transcriptional and translational level. The 
results indicate that Ucnl-neurons in the npEW of rat and mouse produce CART and 
nesfatin-1. In both species acute stress activates npEW-neurons. Despite these simmilarities, 
the mRNAs of Ucnl, CART and nesfatin-l in the npEW are up-regulated by acute stress in 
the mouse (Chapter 3) but not in the rat (Chapter 4). Mice and rats apparently differ from 
each other in the balance between biosynthesis, storage, axonal transport and secretion of 
these peptides. In Chapter 4 the effects of chronic stress on the rat npEW are reported. This 
prolonged stress condition activates the npEW, and increases its CART and nesfatin-l 
contents. These changes in peptide dynamics in response to different (acute and chronic) 
stressors implicate that the npEW is involved in the stress response, in a manner that differs 
in details among different rodent species.
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In Chapters 5, 6 and 7 evidence is gathered for a role of the npEW in the regulation of 
food intake. Chapter 5 demonstrates that in the rat npEW, the leptin receptor, LepR, co- 
localizes with Ucnl, CART and nesfatin-1. Also the effects of two days fasting (reduced 
leptin signaling) on these npEW peptides and the concomitant sex differences have been 
investigated. Fasting increases Ucnl and CART mRNAs in males but not in females, 
indicating that npEW neurons containing LepR may be involved in leptin-mediated feeding 
control in male rats only. In addition to the presence of LepR in the rat npEW, Chapter 6 
demonstrates that LepR is present in the mouse npEW, and Chapters 6 and 7 reveal that the 
npEW -Ucnl neurons respond to leptin administration with induction of the janus kinase 2- 
signal transducer and activator of transcription 3 pathway in both mouse and rat. 
Furthermore, systemic leptin administration increases the Ucnl mRNA and peptide 
contents of the npEW significantly in both rodent species, whereas in mice that lack LepRb 
(db/db mice), the amount of Ucnl in the npEW is considerably reduced. Chapter 7 also 
shows that leptin increases CART mRNA and CART peptide amounts in the npEW. Finally, 
this chapter describes a retrograde tracing study that indicates a role of npEW-Ucnl/CART 
neurons in the autonomic control of white adipose tissue.

In the General Discussion (Chapter 8), first an overview is given of the ways the 
npEW is regulated, with special attention to the functioning of the nucleus in relation to the 
stress response and energy reserves. Next, on the basis of the results and conclusions 
described in the previous chapters, a model is constructed that shows how the npEW may 
integrate information about stressors and peripheral energy reserves in such a way that the 
brain can launch an adequate adaptive response to a given type of stressor. Finally, future 
experiments are suggested that may increase our insight into the significance of the npEW in 
the essential regulation of the energy-dependent stress response.
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Door hun permanent veranderende omgeving moeten mens en dier steeds adequaat 
reageren op stressprikkels, zodat ze het dynamisch intern evenwicht van lichaam en geest 
kunnen bewaren. Maar een succesvolle stressrespons vergt energie, in een mate die afhangt 
van de aard van de stressor en het type van de respons. De stressrespons wordt opgewekt 
door het centraal zenuwstelsel, dat daarvoor niet alleen informatie nodig heeft over de 
bedreigende stressor maar ook over de beschikbare hoeveelheid op geslagen energie. Waar 
deze informatie in de hersenen wordt geïntegreerd om vervolgens een adequate 
stressrespons mogelijk te maken, is niet bekend. Eerder onderzoek had al laten zien dat de 
niet-preganglionaire Edinger-Westphal nucleus (npEW) een centrale rol speelt in de 
opwekking van de stressrespons. Dit promotieonderzoek had ten doel om het inzicht in de 
rol van de npEW in de stressrespons te vergroten, met name wat betreft de mogelijke 
betrokkenheid van deze kern in de middenhersenen bij de verwerking van informatie over 
perifere energiereserves. Er is gekozen voor een multidisciplinaire onderzoeksaanpak, 
waarbij gebruik is gemaakt van elektronenmicroscopische en kwantitatief 
immunohistochemische en moleculair-biologische (transgene muizen, in situ hybridisatie, 
QRT-PCR) technieken.

In de Algemene Inleiding (hoofdstuk 1) wordt achtergrondinformatie gegeven over 
de stressrespons en de regulatie van voedselopname. Voorts wordt de functie van de npEW 
besproken en worden de belangrijkste neuropeptiden in de npEW en de perifere regulatoren 
van de energiestofwisseling geïntroduceerd. Vervolgens wordt aandacht besteed aan een 
speciale regulator, het perifere hormoon leptine, dat gevormd wordt in het witte vetweefsel 
en dat een rol lijkt te spelen in de controle van de activiteit van de npEW.

In hoofdstuk 2 worden studies beschreven naar de submicroscopische organisatie van 
de npEW, met speciale aandacht voor neuronen die urocortine-1 (Ucnl) produceren. De 
ultrastructuur van deze neuronen vertoont het karakteristieke beeld van actieve peptiderge 
cellen, vol celorganellen die betrokken zijn bij het neuronale secretieproces. Behalve Ucnl is 
ook het cocaïne- en amfetamine-gereguleerd transcript peptide (CART) aanwezig in de 
secretieblaasjes van de Ucnl-neuronen, wat erop wijst dat Ucnl en CART tegelijkertijd 
worden afgegeven. Uit de studie van de verschillende synaptische configuraties in de npEW 
blijkt dat de activiteit van de kern op complexe wijze wordt gestuurd, mogelijk via zowel 
stimulerende als remmende input. Deze ultrastructurele gegevens verschaffen de 
morfologische basis voor toekomstig onderzoek naar de effecten van acute en chronische 
stress en van de voedingstoestand op de plastische eigenschappen van de Ucn-1 neuronen in 
de npEW.

De hoofdstukken 3 en 4 behandelen studies over de aanwezigheid en dynamische 
stressrespons van multiple neuropeptiden in de npEW van knaagdieren, op transcriptioneel 
en translationeel niveau. De resultaten laten zien dat Ucnl-neuronen in de npEW van rat en 
muis CART en nesfatin-l produceren. In beide soorten worden de npEW-neuronen 
geactiveerd door acute stressoren. Ondanks deze overeenkomsten treedt de stimulatie door 
acute stress van de mRNAs van Ucnl, CART en nesfatin-l in de npEW wel op in de muis
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(hoofdstuk 3) maar niet in de rat (hoofdstuk 4). Muis en rat verschillen blijkbaar van elkaar 
qua balans tussen biosynthese, opslag, axonaal transport en secretie van deze peptiden. In 
hoofdstuk 4 wordt gerapporteerd over de effecten van chronische stress op de npEW, in de 
rat. Deze aanhoudende stress leidt tot activatie van de npEW, en verhoogt daarin de 
hoeveelheden CART en nesfatin-1. Deze veranderde peptiden-dynamiek in antwoord op 
verschillende (acute en chronische) stressoren impliceert dat de npEW betrokken is bij de 
stressrespons, op een manier die in onderdelen verschilt tussen knaagdiersoorten onderling.

In de hoofdstukken 5, 6 en 7 wordt bewijs aangedragen voor een rol van de npEW in 
de controle van voedselopname. De leptinereceptor is aangetoond in npEW-neuronen van 
de rat, samen met Ucnl, CART en nesfatin-1. Ook zijn de effecten van twee dagen vasten 
(minder leptine in het bloed) op deze npEW-peptiden en de daarbij optredende 
sekseverschillen bestudeerd. Vasten blijkt Ucnl en CART mRNAs in mannetjes- maar niet 
in vrouwtjesratten te stimuleren. Uit de resultaten blijkt ook dat npEW-neuronen die de 
leptinereceptor (LepR) bevatten, betrokken kunnen zijn bij de door leptine-gemedieerde 
regeling van voedselopname in mannetjesratten. In hoofdstuk 6 wordt gedemonstreerd dat 
LepR ook voorkomt in de npEW van de muis, en de hoofdstukken 6 en 7 laten zien dat de 
npEW -Ucnl-neuronen op leptine-toediening reageren door activatie van de “janus kinase
2-signaal transducer and activator of transcription 3 pathway”, in zowel rat als muis. Ook 
verhoogt systemische toediening van leptine de hoeveelheden Ucnl mRNA en Ucnl peptide 
in de npEW in beide knaagdiersoorten, terwijl de hoeveelheid Ucnl in de npEW van muizen 
zonder LepR (db/db muizen) zeer laag is. In hoofdstuk 7 wordt tevens aangetoond dat 
leptine de hoeveelheden CART mRNA and CART peptide in de npEW laat toenemen. 
Tenslotte beschrijft dit hoofdstuk een anterograde tracing studie die wijst op een rol van de 
Ucnl/CART neuronen in de npEW in de autonome controle van wit vetweefsel.

In de Algemene Discussie (hoofdstuk 8) wordt eerst een overzicht gegeven van de 
wijze waarop de npEW wordt gereguleerd, waarbij vooral wordt ingegaan op het 
functioneren van de kern in relatie tot de stressrespons en energiereserves. Op basis van de 
in de voorafgaande hoofdstukken beschreven resultaten en conclusies, wordt vervolgens een 
model opgesteld dat laat zien hoe de npEW informatie over stressoren en perifere 
energiereserves zodanig kan integreren dat de hersenen in staat zijn om een adequate 
respons op te wekken tegen een gegeven type stressor. Tenslotte worden toekomstige 
experimenten gesuggereerd die ons inzicht in de betekenis van de npEW in de essentiële 
regulatie van de energie-afhankelijke stressrespons verder kunnen vergroten.
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