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General IntroduCtIon 

The Creation of Knockout Rat Models
the laboratory rat is one of the most extensively studied model organism for various 
aspects of human health and disease, like physiology, toxicology and neurobiology, 
as well as for drug development. moreover, some neurological diseases and disorders 
affecting higher brain function, including schizophrenia, anxiety, depression, and 
addiction are best mimicked in the rat. in addition, their relative large size enables 
surgical manipulations of many organs including the brain (sutherland, 2004). 

at the beginning of the 21st century, the generation of stable knockouts by 
homologous recombination in embryonic stem (es) cells, as is widely used for the 
mouse (capecchi, 2005), was unavailable in rats due to the unavailability of rat es 
cells despite several decades of attempts. therefore, investigators applied a known 
technique, called target-selected mutagenesis or tilling, to the rat and successfully 
generated the first rat knockout models (Zan et al., 2003; smits et al., 2004; smits et al., 
2006). in short, male rats are injected with the potent mutagen n-ethyl-n-nitrosourea 
(enu), which introduces random point mutations that become fixed in the germline. 
mutagenized males are subsequently mated to untreated females to generate F1 
animals, which carry unique random heterozygous point mutations in their genomes. 
dna from each F1 animal is subsequently screened for induced mutations in genes of 
interest that affect normal protein function by changing functionally conserved amino 
acids or introducing premature stop codons (Fig. 1). 

a large-scale gene-driven (reverse genetics) screen using this technique in Wistar 
rats produced several mutant and knockout rat models, including a knockout model for 

Figure 1. Schematic overview of target-selected mutagenesis procedure. male founder rats are 
mutagenized using enu and mated to wild type females (1), generating a cohort of F1 animals that 
carry a large number of random heterozygous mutations (2). after isolation of genetic material (3), 
dna of each rat can be screened using a high-throughput screening platform (4) such as a 3730Xl 
capillary sequencer (applied biosystems) or a solid™ next-generation sequencer (applied bio-
systems). if a functional mutation is observed in a gene of interest, the rat can be outcrossed and 
bred to homozygosity (5). adapted from smits et al., 2004. 
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the prehormone precursor Pmch (smits et al., 2006). another mutant was discovered via 
a different route: after an accidental brother-sister mating of F3 generation rats derived 
from the initial enu-mutagenesis screen, a nest with phenotypic mutants (paralysis 
and decreased body weight) was identified. in a phenotype-driven forward genetics 
approach, a mutation in the Lpin1 gene was found to be causative to the phenotype. 

both Pmch and Lpin1 are involved in the regulation of lipid metabolism and 
consequently body weight. therefore, i will first present a general overview of the 
current knowledge regarding body weight regulation, which will be followed by a more 
detailed overview of Pmch and Lpin1 function. subsequently, 4 chapters describing the 
initial characterization of both the Pmch (chapters 2, 3, and 4) and the Lpin1 (chapter 
5) rat model will be presented. Finally, a general discussion will summarize the findings 
presented and further directions for research will be discussed.

the reGulatIon of Body WeIGht

The Current Global Obesity Epidemic
excess energy is stored in the human body predominantly in the form of fat (adipose 
tissue). this ability to store excess energy as body fat is critical for survival, which may 
suggest that evolution over time naturally selects biological mechanisms that increase 
fat storage, thus optimizing the ability to store excess energy as adipose tissue. as food 
supplies used to be scarce, i.e. food was still hunted or scavenged, times of feeding 
were unpredictable and irregular and the storage of reserve energy was promoted for 
survival during meager times. however, food availability, amongst other factors, has 
improved dramatically during the past few centuries, especially during the last three 
decades. as the evolutionary favored mechanism of efficient fat storage is still present 
but no longer needed in most humans in first world countries, this has generated 
challenges to correctly regulate a healthy body weight. 

if the ingestion of energy exceeds ongoing requirements, this will eventually result 
in overweight, or extreme overweight, also indicated as obesity. obesity is hallmarked 
by the accumulation of excess body fat to such an extent that it can have adverse 
effects on health. although obesity is seen as a disease on its own, it can also lead 
to many co-morbidities. these common secondary health problems include diabetes 
mellitus type 2 (t2d; high blood glucose in the context of insulin resistance and relative 
insulin deficiency), cardiovascular and heart diseases (high blood pressure), breathing 
problems, osteoarthritis (degradation of the joints), infertility, and certain types of 
cancer. the combination of insulin resistance, high blood pressure, high blood levels 
of triglycerides and high-density lipoproteins are together most often referred to as 
the ‘metabolic syndrome’. this makes obesity one of the leading preventable causes 
of death worldwide, and applies great medical and financial pressure to the strenuous 
economy of obesity-prone cultures. in general, obesity is often caused by a combination 
of high-caloric food intake, decreased physical activity, and genetic susceptibility. a 
small fraction (~5-10%) is caused by (mono)-genetic mutations, endocrine disorders, or 
medication (schwartz et al., 2004). 
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the current global obesity epidemic occurs predominantly in first world countries that 

are characterized by wealth and 24-hr high-caloric food availability, thereby promoting 
caloric intake and a sedentary lifestyle. in 2008, the national health and nutrition 
examination survey (nhanes) reported that obesity occurred in approximately 34% of 
the adult us population, although the strong increase in obesity numbers seen in the 
last 2 decades has discontinued (Flegal et al., 2010). in us adolescents, obesity occurs 
in approximately 17% of the population (ogden et al., 2010). in the netherlands, a tno 
study between 2002 and 2004 found that approximately half of the adult population 
suffers from overweight, while 11% suffers from obesity (www.tno.nl). statistical 
numbers regarding the dutch adolescent population are equally alarming, or even 
more severe. however, in order to successfully treat obesity, we first need to sufficiently 
understand how body weight is regulated through the process of energy homeostasis. 

Energy Homeostasis
the capacity to adjust nutrient intake in response to changes in positive or negative 
energy requirements is essential for human survival. unconsciously, we have the ability 
to decide whether or not to eat specific nutrients with apparent ease. this is an example 
of the efficiency with which the central nervous system (cns) processes information of 
unlimited variety and complexity. using our eyes, nose, touch, and previous experience, 
nutrients are identified and distinguished from potentially hazardous environmental 
components. although memories based on odor, taste, and vision have no energy 
content themselves; they are associated with experiences, and thus energy intake, in 
the past. 

during the ingestion of food, taste information will help assess its palatability, and 
this information will be integrated with signals regarding nutritional state, both short-
term (from the stomach or the gastrointestinal [gi] tract) and long-term (from adipose 
mass) (Fig. 2). as a consequence, the drive to eat will decrease during the ingestion of 
food. this process is termed ‘satiation’. 

changes in behavior or environment cause changes in energy requirements, thus 
affecting nutrient intake. this process, called energy homeostasis, adjusts energy 
intake to match energy expenditure over time, thus promoting stability in the amount 
of stored body energy. nevertheless, for most humans the composition and amount 
of food consumed, and thus energy consumed, varies strongly between meals and 
between days (edholm, 1977). this discrepancy in short-term energy intake disappears 
when energy expenditure is compared to energy intake of a longer period that 
includes multiple meals, and almost always results in a precise match between energy 
expenditure and energy intake (edholm, 1977).  

because feeding is such a complex behavior, it is not surprising that over the past 
three decades many signaling molecules have been discovered that are part of the 
body weight-regulatory system. two of these signaling molecules, insulin, produced 
by the pancreas in proportion to adiposity, and leptin, produced by adipocytes, were 
among the first hormonal signals to be discovered that affect body weight (Woods et 

11



g
e

n
e

R
a

l in
tR

o
d

u
c

tio
n

1 

al., 1979; Zhang et al., 1994). already in mid-fifties the process of energy homeostasis 
was widely studied and a model was coined in 1953 that suggested that signals 
generated in proportion to energy (i.e. adipose mass) stored in the body reduce food 
intake through action on the brain, also known as the ‘adiposity-negative feedback’ 
model (Kennedy, 1953). as this model could not directly explain the dynamics of meal 
initiation and termination, a second model was added twenty years later proposing 
that inhibitory molecules generated during a meal, this time also including signals from 
the gi tract, provide information to the brain thus acutely terminating energy intake 
(gibbs et al., 1973). ‘adipose-negative feedback’ signals should fit three criteria: (1) 
they must circulate at levels proportionate to body energy (i.e. adipose mass) content 
and possess the ability to enter the brain; (2) they must be able to promote body weight 
loss; and (3) blockade of the latter function must result in increased energy intake and 
body weight gain. although many signaling molecules have been discovered that 
possess one or two of the above criteria, to date only insulin and leptin fit all three 
criteria (schwartz et al., 2000; morton et al., 2006). 

in summary, by integrating a large variety of hormonal and neural signals regarding 
body energy levels with visual, cognitive, olfactory, and taste cues, the cns controls 
nutrient intake and body weight regulation on an unconscious level (morton et al., 2006). 
a subset of these hormonal and neural signals will be discussed below in more detail. 

Figure 2. Schematic representation of food intake regulation. Peripheral tissues including 
liver, gastrointestinal tract, pancreas, muscle, Wat, and bat have direct or indirect influence on 
metabolic information processing in the brain. this is achieved by short- or long-term signaling 
regarding nutritional state (black arrows). the brain stimulates stored energy release or energy 
uptake in peripheral tissues by releasing hormones or neurotransmitters, or by direct nervous 
innervation (blue arrows). in addition to the peripheral input, cognitive, visual, taste, and olfactory 
cues aid in the processing of metabolic information. continuous metabolic information process-
ing will result in stimulation or inhibition of food intake.
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the neuroBIoloGy of enerGy homeostasIs
in this subchapter, a brief and general overview of our current understanding of some 
of the factors that regulate energy homeostasis will be provided. this will be followed 
by a more specific overview of two factors involved in this process that have been 
studied in more detail in this thesis. 

Insulin and Leptin
both insulin and leptin are to date the only discovered ‘adiposity negative feedback 
signals’. this means that both hormones circulate at levels proportionate to body fat 
content (bagdade et al., 1967; considine et al., 1996), enter the cns in proportion to 
blood levels (baura et al., 1993; schwartz et al., 1996a), and administration of either 
hormone into the brain or body reduces energy intake (Woods et al., 1979; campfield 
et al., 1995; halaas et al., 1995; Weigle et al., 1995). moreover, both hormones bind 
to their own receptors expressed in brain regions regulating energy intake (elmquist 
et al., 1998b; bruning et al., 2000; elias et al., 2000; leinninger et al., 2009; myers et 
al., 2009), deficiency of leptin in ob/ob mice results in hyperphagia (overeating) and 
obesity (trayhurn, 1984; Zhang et al., 1994), whereas brain deficiency of insulin results 
in hyperphagia (sipols et al., 1995). although both insulin and leptin are important 
regulators of the energy balance, multiple lines of evidence indicate that leptin has 
a more significant role than insulin. loss of leptin results in obesity and hyperphagia, 
despite high insulin levels, while loss of insulin (diabetes mellitus type 1) does not 
result in obesity. the latter finding, however, could result from the requirement of 
insulin for adipocyte growth and differentiation (saltiel and Kahn, 2001; louveau and 
gondret, 2004). loss of insulin increases energy intake (leedom and meehan, 1989), 
but as fat deposition is impaired and leptin levels remain relatively low (havel et al., 
1998; hathout et al., 1999), it results in hyperglycemia (high blood glucose levels) that 
is largely corrected by loss of glucose through urine. another complicating factor in 
the latter findings is that insulin controls leptin secretion through effects on glucose 
metabolism in adipocytes (mueller et al., 1998; Wang et al., 1998). additional evidence 
for this finding comes from observations that leptin levels drop acutely when food 
deprivation is induced, while fat depots are still unaffected at that time.  

although both the low leptin and insulin levels can be responsible for ‘diabetic 
hyperphagia’, leptin seems to be the more significant of the two hormones, as 
replenishing leptin levels to non-diabetic levels in diabetic rats prevented the 
development of ‘diabetic hyperphagia’ (sindelar et al., 1999). however, the optimism 
surrounding leptin as an anti-obesity treatment diminished rapidly with the discovery 
that many obese individuals are leptin resistant (heymsfield et al., 1999). leptin 
resistance is also well documented in rodents with mutant leptin receptors (campfield 
et al., 1995; chua et al., 1996). as already mentioned, obesity results in peripheral 
insulin resistance (t2d). to counter this, pancreatic b-cells must increase their basal and 
post-meal insulin secretion, thereby resulting in relative hyperinsulinemia (Polonsky et 
al., 1988; Kahn et al., 1993). however, as insulin levels fail to reach a level sufficient to 
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compensate for the insulin resistance, obesity can develop further, often resulting in 
t2d and exacerbated hyperglycemia. not only peripheral tissues, but also the brain of 
obese rodents develops resistance to insulin as well as leptin (munzberg et al., 2004; 
de souza et al., 2005). 

in sum, insulin itself was never a promising therapeutic target due to its complex 
role in t2d, whereas leptin was found to be promising therapeutic target for obesity 
treatment. however, leptin has not yet lived up to the expectations despite a large 
collection of data on its function. to date, a decreased sensitivity to leptin in obese 
patients seems to be the most significant limitation. therefore, researchers have 
subsequently focused on down-stream players of the leptin and insulin pathways. 

the hypothalamus

History
a classic lesion and brain stimulation study already performed in 1954 identified 
the hypothalamus as an important centre controlling energy homeostasis (stellar, 
1954). Within the hypothalamus, the ventromedial hypothalamic nucleus (Vmn) was 
identified as the satiety centre, whereas the lateral hypothalamic centre (lha) was 
identified as the hunger centre (Fig. 3; stellar, 1954). subsequent research during the 
past decades has provided immense quantities of information regarding the function 
of the hypothalamus, and has led to the discovery of other brain regions involved 
in the regulation of energy homeostasis. moreover, it has led to the confirmation of 
the hypothalamus as one of the key regions involved in the energy balance, and has 
identified many additional anabolic (energy intake stimulating) and catabolic (energy 
intake limiting) effectors (Flier and maratos-Flier, 1998; barsh et al., 2000; schwartz et 
al., 2000; morton et al., 2006). therefore, the classic view of distinct ‘feeding or satiety 
centers’ has been replaced by a more specific view of discrete neuronal pathways that 
are intertwined and communicate between multiple brain regions. 

Arcuate Nucleus and Primary Metabolic Neurons
blood-borne hormonal signals, such as insulin and leptin, can signal to the brain 
through passage of the blood-brain barrier. this uptake is facilitated by the appropriate 
receptors expressed by endothelial cells in the blood-brain barrier (baura et al., 1993; 
bjorbaek et al., 1998). after passage through the blood-brain barrier, insulin and leptin 
signaling is transformed into a neuronal signal in the arcuate nucleus (aRc), a key 
brain region of the hypothalamus. the aRc is adjacent to the lower part of the third 
ventricle (3V; Fig. 3) and contains neurons that express the anabolic neuropeptides 
neuropeptide-y (nPy) and agouti-related peptide (agRP) neurons (broberger et al., 
1998; hahn et al., 1998). loss of either nPy or agRP has no effect on feeding (Qian 
et al., 2002; ste marie et al., 2005), whereas ablation of nPy/agRP neurons results in 
severe hypophagia (gropp et al., 2005; luquet et al., 2005). a distinct but adjacent 
subset of aRc neurons expresses the catabolic neuropeptides pro-opiomelanocortin 
(Pomc) and cocaine- and amphetamine-regulated transcript (caRt) (gee et al., 1983; 
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douglass and daoud, 1996; elias et al., 1998). Processing of the precursor gene Pomc 
generates multiple products, including a-melanocyte stimulating hormone (a-msh), 
b-endorphin, and adrenocorticotropic hormone (acth), although the variety of 
products differs between sites (central vs. pituitary) and between models (human vs. 
rodents) (coll, 2007). the nPy/agRP and Pomc/caRt neuronal populations function 
in parallel and counterbalance each other to properly regulate energy homeostasis. 
For example, a-msh is an agonist of melanocortin-receptors 1, 3, 4 and 5 (mc1R-
mc5R), whereas agRP is an antagonist of mc3R and mc4R function (ollmann et al., 
1997). both mc3R and mc4R, the two most predominant expressed melanocortin 
receptors in the brain, are implicated and important for correct body weight regulation 
(ollmann et al., 1997). interestingly, aRc lesions decrease the intracerebroventricular 
(icV) injection effects of leptin (dawson et al., 1997; tang-christensen et al., 1999), and 
leptin administration to the aRc generates an anorexic response (satoh et al., 1997). 
moreover, neurons expressing the above-mentioned neuropeptides express leptin 

Figure 3. Brain regions involved in food intake. a. longitudinal view of a rat brain, with olfactory 
bulb at the anterior end on the left and the caudal hindbrain at the posterior end on the right. b. 
cross-sections of the brain (indicated by lines in a). bi. cross-section demonstrating location of 
the caudate putamen (cPu), the nucleus accumbens core (acbco), and the nucleus accumbens 
shell (acbsh). bii. cross-section demonstrating location of the paraventricular nucleus (PVn) and 
the anterior lateral hypothalamic area (lha). biii. cross-section demonstrating location of the 
arcuate nucleus (aRc), the ventromedial nucleus (Vmn), the dorsomedial nucleus (dmn), and 
the posterior part of the lha. abbreviations: 3V, third ventricle; me, medial eminence (brain slide 
images were obtained from sherwood and timiras, 1970). 
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receptors (cheung et al., 1997; baskin et al., 1999), as well as insulin receptors (baskin 
et al., 1988; bohannon et al., 1988b, a). leptin inhibits nPy/agRP gene expression, 
whereas lower leptin levels or insulin deficiency activate these neurons (Williams et 
al., 1989a; Williams et al., 1989b; sipols et al., 1995; stephens et al., 1995; schwartz 
et al., 1996b; broberger et al., 1998; hahn et al., 1998). on the contrary, lower insulin 
or leptin levels inhibit Pomc/caRt gene expression (schwartz et al., 1997; thornton 
et al., 1997; Kristensen et al., 1998). in summary, the aRc is an important mediator of 
leptin and insulin. the importance of melanocortin signaling in mediating the anorexic 
function of adiposity signals was further shown by mc3R and mc4R antagonism studies 
(seeley et al., 1997; hagan et al., 1999). 

the aRc is a critical brain region that integrates information about energy levels 
communicated by peripheral adiposity signals such as leptin and insulin. however, 
recent evidence has shown that additional biological products can contribute to 
signaling regarding energy homeostasis. For example, acute changes in glucose levels 
affect feeding behavior, thus suggesting that carbohydrate sensing is physiologically 
important in the cns (levin et al., 2004). For example, central administration of 
2-deoxy-d-glucose, a glucose analog that blocks glucose metabolism, strongly 
increases nutrient intake (miselis and epstein, 1975). subsequent research identified 
agRP/nPy neurons as glucose-inhibited cells, whereas Pomc neurons are glucose-
stimulated (muroya et al., 1999; ibrahim et al., 2003). 

basal energy levels are also known to affect peripheral fatty acid metabolism 
(Jayakumar et al., 1995). interestingly, neuronal atP levels are predominantly derived 
from glucose oxidation and not fat oxidation (sokoloff et al., 1977). nevertheless, 
peripheral but also central inhibition of fatty acid synthase (Fas) function decreases 
body weight (clegg et al., 2002; Wortman et al., 2003; lam et al., 2005). in addition, an 
increase in hypothalamic Fas-substrate malonyl-coa, icV injection of long-chain fatty 
acid-coa (lcFa-coa), and peripheral lcFa-coas that cross the blood-brain barrier, 
all induce weight loss (loftus et al., 2000; obici et al., 2002; hu et al., 2005; he et al., 
2006; Pocai et al., 2006). Finally, recent evidence has also shown that amino acids are 
involved in cns nutrient sensing. For example, icV injection of leucine decreases food 
intake (cota et al., 2006). this effect is mediated by inhibition of hypothalamic Agrp 
expression, and is effective in obese mice (morrison et al., 2007; Zhang et al., 2007). 

Finally, two protein kinases, amP-activated protein (amPK) and mammalian target 
of rapamycin (mtoR) have recently been shown to play an important role in nutrient 
sensing in the hypothalamus (minokoshi et al., 2004; cota et al., 2006). hypothalamic 
amPK activity can be increased by fasting or agRP administration, whereas insulin, 
high glucose, and refeeding decrease amPK activity (minokoshi et al., 2004). leucine 
or leptin administration increases hypothalamic mtoR activity (cota et al., 2006). amPK 
is thus activated by states of negative energy balance, whereas mtoR is activated by 
states of positive energy balance (sandoval et al., 2008). both amPK and mtoR seem to 
colocalize with nPy/agRP and Pomc/caRt neurons, and are important downstream 
signal modifiers of leptin signaling (minokoshi et al., 2004; cota et al., 2006). 
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these initial reports, combined with confirmative studies, established an exclusive 

and important function for aRc neurons sensing and processing information regarding 
body energy levels. this led to the hypothesis that secondary neurons receiving input 
from aRc neurons could play an equal or even more important role in the regulation 
of energy homeostasis.  

Secondary Metabolic Neurons
initial lesion/stimulation and feeding studies had shown that other hypothalamic 
nuclei besides the aRc, such as the Vmn and lha, are critical regions involved in 
energy homeostasis and body weight regulation (stellar, 1954; stanley et al., 1993). 
moreover, aRc neurons expressing nPy/agRP or Pomc/caRt project to many other 
hypothalamic nuclei, including the paraventricular nucleus (PVn), the zona incerta, 
perifornical area (PFa), and the lha (elmquist et al., 1998a; elmquist et al., 1999). 
neuropeptides expressed predominantly in the PVn, such as corticosterone-releasing 
hormone (cRh), thyrotropin-releasing hormone (tRh), and oxytocin (oXy) were indeed 
found to affect food intake, all in an anorectic manner (Kow and Pfaff, 1991; dallman et 
al., 1993; Verbalis et al., 1995). 

two neuropeptides expressed predominantly in the lha, melanin-concentrating 
hormone (mch; extensively discussed below) and orexin (oX) were both also found to 
affect food intake, this time in an orexigenic manner (Qu et al., 1996; de lecea et al., 
1998; sakurai et al., 1998; shimada et al., 1998). more recently, additional hypothalamic 
neuropeptides have been discovered that affect energy regulation. these include the 
anorectic peptide nesfatin-1 (oh et al., 2006) and the orexigenic peptide Fto (Fischer 
et al., 2009). in humans, polymorphisms in the fto gene were shown to affect body mass 
and t2d (dina et al., 2007; Frayling et al., 2007; scott et al., 2007; scuteri et al., 2007). 

extrahypothalamIC BraIn reGIons Involved In enerGy 
homeostasIs

The Hindbrain
the decision-making process to start eating (meal initiation) can be influenced by many 
different factors. these factors include emotional status, time of day, the availability of 
food, the palatability of the available food, and environmental influences. however, 
the process that terminates a meal, in the light of ad-libitum access, appears to be 
biologically controlled (smith, 1996). information regarding satiety is largely conveyed 
by afferent fibres of the vagus nerve and by afferent passing into the spinal cord 
from the upper gi tract (Ritter et al., 1994). subsequently, a combination of satiety 
information both from the abdomen (gi tract and liver) and the oral cavity is processed 
in the nucleus tractus solitarius (nts) (travers et al., 1987; Friedman et al., 1999). 

evidence for neuronal talk between hypothalamic signals and hindbrain regions 
comes from multiple observations. First, reciprocal connections exist between the 
nts and the PVn (ter horst et al., 1989). second, genes involved in hypothalamic 
energy regulation such as mc4r, leptin receptors, and Pomc are expressed in the nts 
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(bronstein et al., 1992; mountjoy et al., 1994; mercer et al., 1998). moreover, mc4R-
manipulation in the hindbrain affects food intake (grill et al., 1998), and the hindbrain 
is critical for the anorexic effect of leptin (grill et al., 2002). 

The Gastrointestinal Tract
the gi tract consists of the upper and the lower gi tracts. the upper gi tract extends 
from the mouth to the small intestines, while the lower gi tract extends from the small 
intestines to the anus. When food passes through the gi tract, physical expansion 
and nutrient sensing initiate the production of multiple hormonal peptides that affect 
the regulation of energy balance, predominantly by signaling to the hindbrain. these 
peptides include the incretins glucagon-like peptide-1 (glP-1) and gastric inhibitory 
peptide (giP), which directly increase insulin levels after food ingestion before glucose 
levels rise. other examples are gastrin, secretin, vasoactive intestinal peptide (ViP), 
cholecystokinin (ccK), polypeptide-yy3-36, and oxyntomodulin, of which the latter 
three together with glP-1 can decrease food intake by decreasing meal size (antin 
et al., 1975; moran and schwartz, 1994; cummings and overduin, 2007; chaudhri et 
al., 2008). to date, one peripheral hormone, ghrelin, is produced by endothelial cells 
of the stomach and can increase food intake by increasing meal size (tschop et al., 
2000; cummings and overduin, 2007; chaudhri et al., 2008). administration of ghrelin, 
either peripheral or central, positively regulates energy homeostasis in both humans 
and rodents (tschop et al., 2000; Wren et al., 2001a; Wren et al., 2001b), while plasma 
ghrelin levels are increased in obese individuals or increase after weight loss in humans 
(cummings et al., 2002b; cummings et al., 2002a). 

interestingly, most gi hormones or their receptors are also expressed in the cns, 
thus suggesting a function in the cns in addition to their peripheral function. For 
example, glP-1 is synthesized in the nts, glP-1 neurons in the nts project to the 
hypothalamus and the amygdala, and glP-1 receptors are expressed extensively in the 
amygdala, the PVn, aRc, and the caudal brain stem (han et al., 1986; merchenthaler 
et al., 1999). although it is clear that glP-1, and other gi signals, can affect food intake 
and glucose metabolism, the exact origin of these effects (peripheral, central, or some 
combination of both) is still elusive. 

While the discovery of additional peripheral players in the near future is not 
excluded, investigators are optimistic that the all-ready known gut hormones will 
make interesting targets for the treatment of obesity and/or diabetes. For example, 
liraglutide, a glP-1 agonist, decreases body weight in overweight individuals (astrup 
et al., 2009). 

Midbrain and Forebrain Dopaminergic Signaling
if the control of energy regulation were purely homeostatic, feeding behavior would 
be purely automated and rather dull behavior. however, humans can become very 
enthusiastic when eating highly palatable food and are willing to pay large sums of 
money in expensive restaurants to do this. moreover, most mammals will consume 
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more than necessary when presented with a large quantity of highly palatable food. 

this suggests that a hedonic factor adds to the complexity of feeding behavior. indeed, 

brain systems that contain the monoamine dopamine (da) have been implicated in 

the regulation of the hedonic or rewarding aspect of feeding, and multiple peripheral 

hormones act on midbrain dopaminergic systems to affect food intake (narayanan 

et al., 2009). drug addiction studies have provided evidence that reward is strongly 

correlated with substantia negra and ventral tegmental area (Vta) da-containing 

neuron function and their projections to the nucleus accumbens (nac; also indicated 

as ventral striatum), cortex, and subcortical nuclei (Wise, 1996, 2004). the dopaminergic 

projections from the Vta to the nac are also indicated as the ‘mesolimbic’ projection. 

as neurological reward-related processes such as drug abuse, feeding, and sex 

are intertwined through their shared dopaminergic basis, it has been proposed that 

da also mediates the hedonic aspect of feeding (stricker and Zigmond, 1984; Wang 

et al., 2001a; Volkow and Wise, 2005; Wise, 2006; yamamoto, 2006; narayanan et al., 

2009). it is hypothesized that this occurs via the mesolimbic projection (Wise, 2006), 

and dysfunction of reward processing in either of these regions can promote obesity or 

leanness (Volkow and Wise, 2005).

although initial studies did not reveal a striatal function regarding feeding behavior, 

i.e. nac ablation did not obviously affect feeding behavior or operant responding for 

food (Koob et al., 1978; ikemoto and Panksepp, 1996), other and more recent data 

have suggested otherwise. For example, depletion of da through intraventricular 

6-hydroxydopamine injections decreased feeding (Zigmond and stricker, 1972). 

nigrostratial or caudate putamen (cPu; also indicated as the dorsal striatum) 

reinstatement of da production rescues feeding in normally starved-to-death da-

depleted mice (szczypka et al., 2001; hnasko et al., 2006). additionally, gaba agonist 

and glutamate antagonist injections in the nac affected feeding (maldonado-irizarry 

et al., 1995; stratford and Kelley, 1997; stratford et al., 1998). 

leptin receptors, which are highly expressed in the aRc, are also expressed 

in the Vta and leptin administration in the Vta decreases food intake as well as 

dopaminergic neuron firing, while leptin receptor knockdown in the Vta increases food 

intake (hommel et al., 2006). upstream of this direct Vta effect, leptin can also affect 

feeding via the Vta through action on lha neurons that also contain leptin receptors 

(leinninger et al., 2009). ghrelin administered to the Vta or nac also affects feeding 

behavior (naleid et al., 2005; abizaid et al., 2006). 

these findings have provided evidence that peripheral hormones can directly 

influence mesolimbic da signaling and thus affect feeding behavior. Recent evidence 

has emerged that the neuropeptides mch (discussed below) and oX expressed in 

secondary neurons in the lha also affect the da system and subsequent reward-related 

behavior (georgescu et al., 2005; harris et al., 2005; smith et al., 2005; Pissios et al., 

2008). although these findings increase the complexity of feeding behavior regulation, 

they also provide new interesting therapeutic targets for obesity treatment. 
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melanIn-ConCentratInG hormone

History
in 1983, mch (the product of pmch1) was discovered as a 17-amino acid cyclic 
peptide in the pituitary of the chum salmon where it stimulates the aggregation of 
melanosomes, thus lightning the skin, in response to stress and other environmental 
stimuli (Kawauchi et al., 1983). in addition to pmch1, a second fish mch gene, named 
pmch2, was described in 1989 (ono et al., 1988; takayama et al., 1989). the pmch1 
gene is an intronless preprohormone and processing results in neuropeptide e-V 
and mch (balm and groneveld, 1998). Within the salmonid family, peptide sequence 
homology is high, but homology with other fish is lower (Pissios et al., 2006). the effects 
of mch on skin pigmentation, endocrine function, and food intake in fish have been 
extensively studied (balm and groneveld, 1998; Kawauchi, 2006). mch has a clear 
effect on skin pigmentation in fish, hence its name. however, in mice no clear effects on 
skin color have been observed in brown or black coat-colored mice that have disrupted 
mch function (Pissios et al., 2006). therefore, despite its name, a similar function for 
mch on mammalian skin pigmentation is possible but unlikely.

Melanin-Concentrating Hormone Genes in Mammals
a peptide discovery study in 1989 identified mch in the hypothalamus of rats (Vaughan 
et al., 1989). other studies further characterized the mch gene in rats and identified 
mch genes in humans and mice (Presse et al., 1990; thompson and Watson, 1990; 
Presse et al., 1992; breton et al., 1993b; breton et al., 1993a). mammalian mch is a 19-
amino acid cyclic peptide highly identical to salmon mch with two additional amino 
acids and four non-conserved amino acids as compared to salmon mch (Pissios et 
al., 2006). the mammalian 165-amino acid precursor gene of mch (hereafter Pmch) 
contains three exons and two introns. between multiple mammalian species, including 
human, rat, and mouse, Pmch peptide sequence homology is very high (Pissios et 
al., 2006). moreover, mch primary structure is fully conserved among human, rat, and 
mouse (Pissios et al., 2006). 

only a single mch-encoding gene has been found in rodents (Vaughan et al., 1989; 
breton et al., 1993b), while two additional ‘Pmch-like’ variants (pmchL1 and pmchL2) 
have been described in humans (breton et al., 1993a; Pedeutour et al., 1994; Viale et 
al., 1998b; Viale et al., 1998a). PmchL1 produces several sense and antisense Rna 
transcripts, especially in the developing human brain (miller et al., 1998; Viale et al., 
2000), but the exact function of these ‘primate-specific’ Rna transcripts has remained 
obscure. several mature and immature Rnas were also observed in rat brain, thymus, 
pancreas, and adrenal gland (hervieu and nahon, 1995).  

Pmch-derived Peptides and Pmch-related Peptides in Mammals
Pmch processing generates neuropeptide glycine-glutamic acid (nge), neuropeptide-
glutamatic acid-isoleucine (nei), as well as mch (nahon et al., 1989). two different post-
translational systems can be responsible for the correct cleavage of nei; first, whereas 
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almost all prehormone convertase (Pc) can cleave mch from its precursor at the arg145-
arg146 site, only prehormone convertase 2 (Pc2) can cleave the lys129-arg130 site, thus 
correctly liberating nei (Viale et al., 1999b). subsequently, Pc2-deficient mice show 
increased mch-immunoreactive (iR) and decreased nei-iR levels, while hypothalamic 
Pmch mRna levels were unchanged (Viale et al., 1999b). moreover, processing of 
prehormones, such as Pmch, can differ between organs, and between organs and the 
brain, due to the presence or absence of particular Pcs (Zakarian and smyth, 1982; 
Viale et al., 1999b). the second system involves carboxypeptidase e (cpe), as cpe 
activates nei by removing three amino acid residues from the carboxyterminal end of 
nei (Rovere et al., 1996). subsequently, fat/fat rats, which lack cpe, show decreased 
mature nei and a compensatory increase in Pmch and thus mature mch (Rovere et 
al., 1996). many mch-neurons, especially the lha and ihy, are immunoreactive for 
both mch and nei, although some neurons show immunoreactivity to only one of the 
neuropeptides (bittencourt and celis, 2008). this suggests that the above-mentioned 
post-translational systems can be involved in neurons that show mch immunoreactivity 
but not nei immunoreactivity (bittencourt and celis, 2008). 

two additional products of Pmch itself have also been described. the first product, 
named mch-gene overprinted polypeptide (mgoP)-14 and mgoP-27 was discovered 
in rats and results from alternative frame translation, thereby excluding exon 2 
(toumaniantz et al., 1996). the second product, named antisense Rna-overlapping 
mch (aRom) is transcribed from the opposite strand (borsu et al., 2000). multiple 
transcripts from the aRom gene are derived trough alternative splicing, but all derived 
coding transcripts do not overlap with Pmch cdna (borsu et al., 2000). the exact 
functions of the mgoP and aRom transcripts have remained obscure so far.

MCH Neurons, MCH-Receptors, and MCH-Receptor Signaling
magnocellular neurons expressing Pmch are predominantly present in the lha and 
the incerto hypothalamic area and project to many brain regions in the neuroaxis 
(bittencourt et al., 1992; sita et al., 2007). these brain regions include the olfactory 
bulb, the prefrontal cortex, the striatum, and hindbrain nuclei including the nts and 
the parabrachial nucleus. this widespread projection pattern generated the hypothesis 
that mch-signaling is involved in a scale of behaviors (nahon, 1994). 

the identification of a mch-receptor was initially obstructed by high non-specific 
binding (hintermann et al., 1999; Kokkotou et al., 2000), but was soon followed by 
the observation that mch bound to the orphan gPcR slc1/gPR24, thus identifying 
this receptor as mch1R (Kolakowski et al., 1996; bachner et al., 1999; chambers et 
al., 1999; lembo et al., 1999; saito et al., 1999; shimomura et al., 1999). mch1R is a 
highly conserved (human-rat, 96% homology; human-mouse, 95% homology) seven-
transmembrane domain gPcR and shares homology (35%) with the somatostatin 
receptor family (Kolakowski et al., 1996; Pissios and maratos-Flier, 2003). 

to date, only mch and mch(Phe13 tyr19), an iodinatable homologue of mch, 
have been found to specifically bind and activate mch1R in a dose-response manner 
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(chambers et al., 1999; lembo et al., 1999; saito et al., 1999). moreover, nei, nge, 
mgoP-14 or -27, somatostatin-14, the somatostatin analogue Rc-160, cortistatin-14 
or -29, acth, a-msh, and atrial natriuretic peptide were unable to bind or activate 
mch1R (chambers et al., 1999; lembo et al., 1999; saito et al., 1999). mch is unable 
to bind mc3R or mc4R (ludwig et al., 1998), suggesting that the antagonistic action 
of mch and a-msh results from the convergence of pathway signaling activation by 
distinct receptors (saito et al., 1999). 

mch1r expression in the brain is largely restricted to piriform cortex, olfactory 
tubercle, the hippocampal formation, the nucleus accumbens shell (acbsh), the aRc, 
and the Vmn (Kolakowski et al., 1996; chambers et al., 1999; lembo et al., 1999; saito 
et al., 1999; hervieu et al., 2000; saito et al., 2000; Kokkotou et al., 2001). these brain 
regions are involved in olfactory learning, reinforcement mechanisms, and feeding, 
and thus important for the complex regulation of feeding behavior (Pissios et al., 2006). 
mch1r expression was also observed in the locus coeruleus, the orbital cortex, the 
cingulate gyrus, and the amygdala (chambers et al., 1999; lembo et al., 1999; saito 
et al., 1999; mori et al., 2001), generating the hypothesis that mch-mch1R signaling 
could also be involved in arousal and anxiety-related behavior (saito et al., 2000). the 
finding that mch1R-antagonism has antidepressant and anxiolytic effects strengthened 
this idea (borowsky et al., 2002). 

Peripheral Pmch expression has been observed in stomach, intestines, and testis 
(hervieu and nahon, 1995), whereas peripheral mch1r expression was observed in 
many tissues, including stomach, eye, adipocytes, pituitary, heart, kidney, ovaries, 
skeletal muscle, and tongue (Kolakowski et al., 1996; saito et al., 1999; saito et al., 
2000; bradley et al., 2002). in humans, reports have also demonstrated Pmch and 
mch1r expression in immune-, endothelial-, neuroblastoma-, and melanoma cells 
(saito et al., 2001; hoogduijn et al., 2002; schlumberger et al., 2002b; Verlaet et al., 
2002). additionally, mch antagonizes a-msh action on melanin production in human 
melanocytes, and vitiligo, a human skin disease involving loss of pigmentation, 
involves mch1R (hoogduijn et al., 2002; Kemp et al., 2002). the latter findings indicate 
a function for mch in skin pigmentation, as is widely observed in fish. however, loss 
of Pmch of mch1r in mice does not affect skin color, limiting the possibility that mch-
mch1R signaling plays an important role in mammalian pigmentation and suggesting 
a misnomer (Pissios et al., 2006). 

mch binds to mch1R with strong affinity, and activates g
i, go, and gq proteins 

and synergizes with gs pathways (hawes et al., 2000; Pissios et al., 2003). mch1R 
activation has several intracellular effects: (1) increase in phospholipase c (Plc) 
activity, thus increasing inositol 1,4,5-trisphosphates (iP3) and diacylglycerol (dag) 
levels. dag activates protein kinase c (PKc), whereas iP3 levels increase intracellular 
free calcium levels (effect of gq activation; calcium levels might also be influenced by 
gi/go activation); (2) inhibition of adenylate cyclase (ac), thus lowering camP levels 
and subsequent protein kinase a (PKa) activity (effect of gi/go activation); and (3) the 
activation of extracellular signal-regulated kinase eRK1 (also known as maPK3) and 
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eRK2 (also known as maPK1) (effect of gi/go activation) (hawes et al., 2000; Pissios et 
al., 2003) (Fig. 4). 

a second mch receptor, mch2R, has been identified in humans, monkeys, dogs 
and ferrets (an et al., 2001; hill et al., 2001; mori et al., 2001; Rodriguez et al., 2001; 
sailer et al., 2001; Wang et al., 2001b). in general, mch2r expression overlaps strongly 
with mch1r expression, both central and peripheral, although mch2r is expressed at 
lower levels and less abundant (an et al., 2001; hill et al., 2001; sailer et al., 2001; 
schlumberger et al., 2002a). mch2R shares low homology (~35%) with both mch1R or 
somatostatin receptor 1 (an et al., 2001; mori et al., 2001; sailer et al., 2001), and mch2r 
expression was not found in rodents (tan et al., 2002). additionally, mch2R activation 
increases intracellular free calcium levels, but apparently does not affect camP levels 
(an et al., 2001; hill et al., 2001; sailer et al., 2001). 

two intracellular proteins have been found to bind to mch1R, although their exact 
function remains to be elucidated. Periplakin, which binds to actin and intermediate 
filaments, is coexpressed with mch1R and potentially interacts with the c-terminus 
to affect calcium mobilization (murdoch et al., 2005). mch1R-interacting zinc-
finger protein (miZiP) also interacts with the c-terminus and is hypothesized to be 
a modulator of mch-mch1R 
signaling (bachner et al., 
2002). miZiP expression, 
central and peripheral, shows 
strong overlap with Pmch and 
mch1R expression (bachner 
et al., 2002). 

so far, several amino acid 
residues have been found 
to be crucial for mch1R 
function: three consensus 
n-glycosylation sites, an 
process important for correct 
folding of proteins, and several 
potential phosphorylation 
sites have been found in 
intracellular loops (lakaye et 
al., 1998); a 3rd transmembrane 
domain aspartatic acid 
residue (asp123) is crucial for 
ligand binding (macdonald 
et al., 2000); an extracellular 
n-terminal aspargine residue 
(asn23) is important for 
n-linked glycosylation and 

Figure 4. MCH1R activates multiple signaling pathways. 
the 7-transmemberane receptor mch1R interacts with 
the intracellular proteins Periplakin and miZiP. through 
coupling to different g-proteins, mch1R decreases 
adenylate cyclase (ac) activity, increases intracellular 
calcium (ca2+

i) levels, and activates extracellular-sig-
nal-regulated kinases (eRKs) 1 and 2 (sometimes also 
referred to as mitogen-activated protein kinase [maPKs]) 
(based on hawes et al., 2000; Pissios et al., 2003; Pissios 
et al., 2006).
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cell surface expression (saito et al., 2003); an arginine residue in the 2nd intracellular 

loop (arg155) is important for signal transduction initiation (saito et al., 2005); and the 

c-terminus tail is important for receptor function (tetsuka et al., 2004). 

MCH Function and Animal Models 

the role of mch in energy regulation emerged when increased Pmch mRna levels 

were observed in the hypothalami of leptin-deficient ob/ob mice (Qu et al., 1996). 

moreover, fasting increased Pmch mRna levels in both wild type and ob/ob mice, 

suggesting an orexigenic function for mch which was confirmed by the acute increase 

of feeding resulting from third ventricle mch injections (Qu et al., 1996; Rossi et 

al., 1997). ablation of Pmch in mice generated mice with a decreased body weight 

and hypophagia (shimada et al., 1998). Pmch knockout (Ko) mice showed increased 

energy expenditure (if data were normalized for body weight), decreased adipose 

tissue, decreased plasma leptin levels, and decreased hypothalamic Pomc expression 

(shimada et al., 1998). additionally, Pmch Ko mice demonstrated normal activity, 

normal length, normal expression of hypothalamic expression of oX, nPy and agRP, 

and normal plasma glucose insulin, thyroxine, and corticosterone levels (shimada et 

al., 1998). lean Pmch-deficient mice also showed resistance to age-related increases in 

body weight and insulin resistance (Jeon et al., 2006). 

overexpression of Pmch results in obesity and insulin resistance (ludwig et al., 

2001), whereas injection of mch for 14 days strongly increased body weight (della-

Zuana et al., 2002; gomori et al., 2003; ito et al., 2003). 

another murine model was developed in which mch neurons were ablated using 

genetic expression of the toxin ataxin-3 under the mch promoter (alon and Friedman, 

2006). mice expressing this transgenic gene have lost about ~65% of the mch neurons 

at 15 weeks of age, resulting in leanness, hypophagia, and increased energy expenditure 

(the latter was observed after correction for body weight) (alon and Friedman, 2006). 

strong similarity between Pmch-Ko mice and Pmch-neuron ablated mice suggests that 

mch, but also the two other Pmch-derived neuropeptides nei and nge, are critical 

mediators of the energy regulation effects of mch neurons (Pissios et al., 2006). 

low levels of plasma leptin would normally increase food intake, but in Pmch Ko 

mice the leptin-signaling pathway seems dysregulated, suggesting a function of mch 

downstream of leptin. this hypothesis was studied in mice carrying both a deletion of 

Pmch and leptin. these double Ko mice were still obese, but markedly leaner than 

ob/ob mice (segal-lieberman et al., 2003). interestingly, the decreased body weight 

compared to ob/ob mice rather resulted from increased energy expenditure than 

from a decrease in feeding, as double Ko mice consumed equal amounts of food 

compared to ob/ob mice (segal-lieberman et al., 2003). additional studies in mouse 

lines (129/sveV and c57bl6) have also suggested that the leanness of Pmch-deficient 

mice results from an increased energy expenditure rather than a decrease in feeding 

(Kokkotou et al., 2005). 
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mch1r-deficiency in mice results in leanness, characterized by decreased adipose 

tissue, but, quite surprisingly, also results in hyperphagia and hyperactivity (chen 
et al., 2002; marsh et al., 2002). additionally, mch1r-Ko mice showed osteoporosis, 
anxiolytic-like behavior, and an aberrant da system (bohlooly et al., 2004; smith et al., 
2005; smith et al., 2006). 

acute blockade of mch1r using mch1r-specific antagonistic peptidic compounds 
blocks the orexigenic action of mch (shearman et al., 2003; mashiko et al., 2005; 
morens et al., 2005). moreover, long-term (2-4 wk) blockade of mch1r decreased food 
intake and body weight gain in rats or obese mice (shearman et al., 2003; mashiko 
et al., 2005), whereas mch1r-antagonism was ineffective in mch1r Ko mice (mashiko 
et al., 2005). multiple studies have described the anorectic effects of small molecule 
mch1r-antagonists such as snaP-7491, gW803430, or t-226296 (borowsky et al., 2002; 
takekawa et al., 2002; Kowalski et al., 2004; lynch et al., 2006; tavares et al., 2006; 
gehlert et al., 2009). however, is has been noted that most of theses studies have 
not reported the effects of mch1r-antagonism on energy expenditure (Pissios, 2009). 
Finally, administration of snaP-7491 or gW803430 resulted in antidepressant and 
anxiolytic effects (borowsky et al., 2002; gehlert et al., 2009). the latter observations 
are of particular interest as depression is regularly observed in obese individuals. as 
functional deletion of Pmch or acute mch1r blockade can decrease food intake, it has 
been interpreted that the hyperactivity and hyperphagia in chronic mch1r-Ko mice 
results from a compensatory mechanism (Pissios, 2009). 

Sites of MCH action and additional observations in MCH models
central mch injections identified hypothalamic regions involved in the orexigenic 
effect of mch, as mch injections in the PVn, the dorsomedial hypothalamic nucleus 
(dmh), and aRc resulted in an acute increase of feeding (abbott et al., 2003). in 
addition, mch injection into the acbsh also increased food intake (georgescu et al., 
2005). additional research will be needed to investigate if the PVn, dmh, aRc, and 
acbsh are the only physiological important brain sites for mch action. 

in addition to the orexigenic affect of mch, several studies have reported increased 
water intake independent of food intake, increased alcohol intake, and increased 
sucrose intake after central mch administration (clegg et al., 2003; duncan et al., 2005; 
sakamaki et al., 2005). it is however not known if this is mediated via independent 
mechanisms or via a common reward-mediated behavioral mechanism.

Recent evidence has emerged that mch affects limbic dopaminergic function, and 
that the acbsh is important for this effect. Pmch or mch1r Ko mice showed increased 
limbic dopaminergic sensitivity or a dysregulated mesolimbic dopamine system (smith 
et al., 2005; Zhou et al., 2005; smith et al., 2006; tyhon et al., 2006; Pissios et al., 2008; 
smith et al., 2008). although many studies have been recently published on this matter, 
no clear explanations on how mch increases feeding are available to date. 

the hypothalamus is in close proximity to the 3V, whereas mch1r is also expressed in 
the hindbrain, in close proximity to the fourth ventricle (4V). however, mch injections in 
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the 4V had no effect on feeding behavior or locomotor activity, but did decrease body 
temperature (Zheng et al., 2005). infusions of mch into the medial nts decreased rat 
blood pressure and heart rate (brown et al., 2007; messina and overton, 2007), whereas 
mch1r Ko mice demonstrated increased sympathetic activity and increased heart rate 
(astrand et al., 2004). 

several studies have shown that mch can affect thermogenesis through effects 
on Ucp1 expression. For example, Pmch-ob/ob double Ko mice showed increased 
Ucp1 expression in brown adipose tissue (bat) and increased cold tolerance (segal-
lieberman et al., 2003). in addition, central administration in rats of a mch antisense 
oligonucleotide increased ucP1 protein levels in bat compared to rats after saline 
administration during a cold exposure experiment (Pereira-da-silva et al., 2005). 

Finally, a recent study demonstrated that mch is capable of stimulating neurite 
outgrowth (cotta-grand et al., 2009). this suggests that loss of chronic loss of Pmch 
might have potential developmental effects in neuron development. 

MCH and effects on hormone levels
initially it was shown that mch failed to release cRh in vitro in hypothalamic explants 
(navarra et al., 1990). Paradoxically, a second study showed that central injection of 
mch increased plasma corticosterone levels (Jezova et al., 1992). however, Pmch 
Ko mice showed normal plasma corticosterone levels compared to wild type mice 
(shimada et al., 1998). subsequently it was shown that mch or nei did not affect basal 
in vivo secretion of growth hormone (gh) or prolactin (PRl), whereas mch did lower 
adrenocorticotropic hormone (acth; a product of Pomc) secretion during the end 
of the light phase (bluet-Pajot et al., 1995). interestingly, nei antagonized the effect 
of mch on acth release when co-administered (bluet-Pajot et al., 1995). Finally, 
mch suppresses thyroid-stimulating hormone release in vivo and in vitro (Kennedy et 
al., 2001). a suppressed hypothalamic-pituitary-thyroid (hPt) axis, translated by tRh 
and tsh suppression and lower thyroxine levels, could potentially decrease energy 
consumption. however, Pmch Ko mice showed normal thyroxine levels compared to 
wild type mice (shimada et al., 1998). 

Putative Functions for Neuropeptide-GE
although mch and nei (discussed below) seem to have specific biological functions, 
nge to date has remained much less studied; thereby fueling the discussion that nge 
has no biological function. however, nge was shown to increase neurofilaments in 
vitro, albeit only at a very high concentration (2500nm vs. no effect with 25-750nm) 
(Kistler-heer et al., 1998). this effect was also found for nei, although nei shows 
already an effect at 250nm and a maximal effect at a concentration of 750nm (Kistler-
heer et al., 1998). nge increased melanin synthesis in murine b16 melanoma cells in 
vitro at 100nm, 1µm, and 10µm concentrations (hintermann et al., 2001). however, the 
latter effect was also found for nei (1µm, and 10µm), mch (100nm, 1µm, and 10µm), 
and a-msh (1pm, 0.1nm, 10nm, and 1µm) (hintermann et al., 2001). 
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cyclic-amP (camP) synthesis increased ~8-fold compared to controls after 

administration of 1pm a-msh, while administration of 1µm mch, nei, or nge had 
hardly any effect (hintermann et al., 2001). moreover, only a-msh and agouti-related 
protein were able to replace radioactive-labeled a-msh from mc1R, mc3R, mc4R, 
or mc5R, expressed in transfected cells while mch, nei, nor nge lacked this ability 
(hintermann et al., 2001). 

in summary, nge seems to exert minimal effects, if any, at relatively high 
concentrations, generating the discussion if these concentrations and thus these 
effects are physiologically important and relevant. however, nge might have biological 
functions that have remained elusive to date. 

Putative Functions for Neuropeptide-EI
as co-expression and co-secretion of nei and mch was observed in early studies 
(Parkes and Vale, 1992; Viale et al., 1999b), nei was hypothesized to have a distinct 
biological function and was subsequently studied in more detail. 

For example, nei or a-msh administration to the Vta (1µm) or intraventricular (1µm) 
increased grooming, rearing and locomotor activity (sanchez et al., 1997; sanchez et 
al., 2001a), while mch antagonized the induced behavior of either peptide (sanchez 
et al., 1997). interestingly, a-msh also antagonized rearing and locomotor activity 
induced by nei (sanchez et al., 1997). moreover, nei and mch increased camP levels, 
although only after administration of a high dose (3.6µm vs. no effect with 0.6µm), and 
interacted, negatively at low dose and positively at a high dose, with a-msh in ex vivo 
striatal brain slices, (sanchez et al., 1999). mch also increased inositol trisphosphate 
(iP3) levels at a concentration of 3.6µm, an effect that was blocked by co-administration 
of nei or a-msh (sanchez et al., 2002). 

nei administration, at 15µm or 45µm but not at 5µm, stimulated binding affinity of a 
da receptor 1 (d1R) agonist to d1R, suggesting that nei can affect d1R-binding potentially 
by modulating receptors or their environment (sanchez et al., 2001b). only a-msh 
administration, but not nei administration, to the Vta affected da levels in the nac, 
whereas both a-msh or nei lowered da levels and increased 3,4-dihydroxyphenylacetic 
acid (doPac; a metabolite of da) levels in the cPu (sanchez et al., 2001a). in female 
rats, nei injections in Vmn stimulated motor activity, increased anxiety, and reduced 
both da and doPac release in the Vmn (gonzalez et al., 1998). nei injections in the 
medial preoptic area (mPoa), where many gonadotropin-releasing hormone (gnRh) 
neurons are located, had no such effect (gonzalez et al., 1998). moreover, nei in the 
mPoa, but not in the Vmn, stimulated sexual behavior (gonzalez et al., 1998). the 
effect of nei on grooming behavior might be influenced by the cholinergic system, as 
the icV-administered muscarinic acetylcholine receptor antagonist atropine suppresses 
nei-induced-grooming and activity, while a general nicotinic acetylcholine receptor 
antagonist does not (berberian et al., 2002). this suggests that the cholinergic system 
might be involved, which in turn can project to the da system (berberian et al., 2002; 
bittencourt and celis, 2008). interestingly, manipulation of the cholinergic system can 
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increase grooming, motor activity, and striatal da release (bittencourt and celis, 2008).  
an additional study has also demonstrated involvement of the b1-adrenoreceptor, 
suggesting a neuromodulating effect of nei on the cns (sanchez-borzone et al., 2007). 

multiple studies have investigated the effect of nei on the hypothalamo-pituitary-
adrenal (hPa) and hypothalamo-pituitary-thyroid (hPt) axes regarding hormone 
regulation (bittencourt and celis, 2008). For example, mch or nei did not affect basal 
in vivo secretion of growth hormone (gh) or prolactin (PRl), whereas mch did lower 
plasma acth (a product of Pomc) secretion during the end of the light phase (bluet-
Pajot et al., 1995). interestingly, when co-administered nei antagonized the effect of 
mch on acth release (bluet-Pajot et al., 1995). a subsequent study however showed 
increased circulating acth and corticosterone after mch injection in the PVn or icV 
injection (Kennedy et al., 2003). moreover, both nei and mch increased corticotropin-
releasing hormone (cRh) release in hypothalamic explants (Kennedy et al., 2003). 

additionally, intracerebroventricular (icV) injection of mch reduced plasma 
thyroid-stimulating hormone (tsh; affects thyroid function), whereas both mch and 
nei inhibited thyrotropin-releasing hormone (tRh; stimulates the release of tsh and 
PRl from pituitary) release from hypothalamic explants (Kennedy et al., 2001). it is 
interesting that in this study nei and mch show a converging function in contrast to 
the often-observed antagonistic function, whereas the effect of a-msh is opposite to 
mch (Kim et al., 2000). additional studies showed a possible interaction between nei 
and luteinizing hormone (lh) in macaque monkeys (Viale et al., 1999a), whereas nei 
released lh in rats in vivo and in vitro (attademo et al., 2004; de Paul et al., 2009). nei 
treatment in posterior pituitary explants decreased arginine vasopressin (aVP) release 
whereas it increased oXy release (Parkes and Vale, 1993). 

in testis, nei potentiated human chorionic gonadotrophin (hcg)-stimulated 
testosterone synthesis, whereas mch lacked this action (hervieu et al., 1996).  

nei had no effect on feeding behavior, whereas Pmch131-164 (i.e. nei-mch) functions 
as a super-agonist, inducing increased hyperphagia compared to mch administration 
alone (Rossi et al., 1997; maulon-Feraille et al., 2002). the latter effect is likely due to a 
decreased susceptibility of nei-mch to proteases (maulon-Feraille et al., 2002). 

Finally, both nei and a-msh have quite similar epitopes recognized by a-msh 
antibodies: Pro-ile-nh2 for nei compared to Pro-Val-nh2 for a-msh, resulting in 
regularly observed cross-immunoreactivity of a-msh and nei (bittencourt and celis, 
2008). 

in summary, nei and a-msh show much similarity in structure as well in biological 
function. nei often antagonizes mch function, like a-msh, in the hPa axis, hPt axis or 
in the hypothalamo-pituitary-gonadal (hPg) axis. this is also observed in the behavioral 
studies regarding motor activity and grooming. only regarding tRh-release, both mch 
and nei seem to act in the same direction (Kennedy et al., 2001). the similarity between 
nei and a-msh function suggests that nei mimics a-msh, either by modulating mch1R 
binding or melanocortin receptor binding. mch1R can synergize with gs pathways and 
affect PKa activity via gi signaling, whereas melanocortin receptors affect PKa activity 
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via gs signaling (gantz et al., 1993b; gantz et al., 1993a; hawes et al., 2000; czyzyk et 
al., 2008). therefore, manipulation of either receptor can affect PKa activity. however, 
due to the inconsistent nature of some results, more data is needed to elute the exact 
mechanism(s) how nei, possibly through a-msh-like action, antagonizes some mch 
functions.  

Summary
mch function is involved in many processes, including memory, depression, and 
anxiety (monzon et al., 1999; borowsky et al., 2002). however, most attention has been 
focused on the effects of mch on feeding behavior and energy regulation (shimada et 
al., 1998; Pissios and maratos-Flier, 2003; Pissios et al., 2006; Pissios, 2009). although 
much insight regarding mch function has been generated in the last decade, many 
questions still remain. two important questions that have remained incompletely 
answered are what are the functions of nei and nge? in addition, despite the increased 
knowledge to date, no suitable pharmaceutical treatment based on mch-signaling has 
been produced. Future research will have reveal new findings to determine if this will 
ever be feasible. 

lIpIn 1
History
in 1988, a natural occurring autosomal recessive mutation in balb/cbyJ mice, called 
fatty liver dystrophy (fld), was reported (sweet et al., 1988). these balb/cbyJ-fld 
mice (hereafter Lpin1fld) are characterized by a neonatal fatty liver that resolves at 
weaning, a progressive demyelinating neuropathy affecting peripheral nerves visible 
from postnatal day (Pnd) 10 onwards, a reduced body size, a floppy gait, tremors, 
hepatic genetic adaptations, and lipodystrophy (langner et al., 1989; langner et al., 
1991; Rehnmark et al., 1998; Klingenspor et al., 1999; Peterfy et al., 2001). a second 
murine line, c3h/heJ-fld2J (hereafter Lpin1fld2J), demonstrated the same phenotype 
and carried a mutation allelic to fld (Peterfy et al., 2001). in 2001, using a positional 
cloning approach in fld mice, Peterfy and colleagues identified the gene Lpin1 to be 
responsible for the phenotype (Peterfy et al., 2001). in fld mice, the Lpin1 gene was 
rearranged in a complex manner (combination of deletion, inversion, and duplication), 
whereas fld2J mice carried a gly84arg substitution in a highly conserved region (Peterfy 
et al., 2001). 

biochemical characterization of lipin 1 indicates that it is an mg2+-dependent 
phosphatidate phosphatase (PaP1) enzyme catalyzing the dephosporylation of 
phosphatidic acid (Pa), yielding inorganic phosphate and diacylglycerol needed for 
the synthesis of triacylglycerol, phosphatidylcholine, and phosphatidylethanolamine 
in mammals (han et al., 2006; donkor et al., 2007; harris et al., 2007; carman and 
han, 2009). the mammalian lipin protein family consists of three members, lipin 1, 
lipin 2, and lipin 3 (Peterfy et al., 2001), which differ in tissue expression (donkor et 
al., 2007). human Lpin1 is expressed in multiple tissues with highest levels in adipose 
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and muscle (donkor et al., 2007). alternate splicing of Lpin1 generates two lipin 1 
isoforms that play distinct, but complementary, roles in adipogenesis: lipin 1a, which 
is predominantly nuclear and affects adipocyte differentiation, and lipin 1b, which is 
mostly cytoplasmic and induces lipogenic gene expression (Peterfy et al., 2005). the 
amino-terminal and carboxy-terminal regions of lipin 1 (nliP and cliP, respectively), 
and a predicted nuclear localization signal (nls) are highly conserved among the three 
mammalian lipin family members and among species (Peterfy et al., 2001). the cliP 
domain contains multiple key protein functional domains: four haloacid dehalogenase 
motifs and a transcription factor-binding motif (lXXil) (Finck et al., 2006; han et al., 2006; 
donkor et al., 2009). moreover, lipin 1 and lipin 2 have been predicted to possess the 
same structural organization as previously characterized had protein family members 
(donkor et al., 2009). the transcriptional coactivation role of lipin 1 has been shown 
in murine hepatocytes where it regulates expression of genes involved in fatty acid 
oxidation (Finck et al., 2006).  

Models to study Lipin 1 function
Lpin1fld/fld mice carry a spontaneous null mutation for Lpin1, whereas Lpin1fld2J/fld2J mice 
carry a gly84arg substitution in the highly conserved nliP domain (Peterfy et al., 2001). 
both alleles result in a severe phenotype, including neuropathy and lipodystrophy 
(Peterfy et al., 2001). Lpin1 mRna levels were undetectable in sciatic nerve and adipose 
tissue of Lpin1fld/fld mice. moreover, Lpin1 mRna levels were increased in adipose tissue 
of Lpin1fld2J/fld2J mice, suggesting transcriptional feedback regulation due to impaired 
lipin 1 function (Peterfy et al., 2001). in addition, the observed neuropathy manifests 
itself during the second postnatal week, is progressive, and persists through adulthood 
(langner et al., 1991). overexpression of Lpin1 in either adipose tissue or skeletal 
muscle promotes obesity (Phan and Reue, 2005). 

as Lpin1fld/fld mice demonstrated affected Wat, liver, and peripheral nerves, mice 
with a schwann cell (sc)-specific deletion of Lpin1 were created resulting in sc 
abnormalities and a neuropathy similar to the complete Lpin1 knockout (Lpin1fld/fld) 
mice (Peterfy et al., 2001; nadra et al., 2008). sc-specific deletion of Lpin1 also revealed 
an interaction between Pa and the meK-erk pathway mediating sc dedifferentiation 
and proliferation (nadra et al., 2008). this indicated that the observed neuropathy is 
a direct consequence of the absence op lipin-1 – and the subsequent dysregulation 
of lipid metabolism – within the nerve itself. in addition, the observed neuropathy 
manifests itself during the second postnatal week, is progressive, and persists through 
adulthood (nadra et al., 2008). 

the recently characterized mouse line 20884 show adult-onset transitory hindlimb 
paralysis, characterized by a floppy gait and a tendency to clench the hind limbs in 
toward the body when suspended by the tail (douglas et al., 2009). the phenotype is 
caused by two concurrent mutations, a missense mutation in Lpin1 (tyr873asn) and a 
nonsense mutation in nrcam (gln1033X) (douglas et al., 2009). these 20844 mutant 
mice develop a hindlimb paralysis between postnatal week 5 and 7, which becomes 
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less clear after postnatal week 14. moreover, between 8 months and 1 year of age the 
20844 mutant mice regain the ability to both grip structures and walk, although still 
with a floppy gait (douglas et al., 2009). to study the mutations in an independent 
manner, 20884 mutant mice were outcrossed to generate Lpin120884 and nrcam20884 lines. 
the Lpin120884 phenotype was less severe compared to Lpin1fld/fld mice, due to partial 
loss of PaP activity, and additionally, Lpin120884 mice lack the fatty liver, the delayed hair 
growth, and the small size seen in preweaning Lpin1fld/fld mice (douglas et al., 2009). in 
addition, Lpin120884 mice show no difference in body weight or forelimb grip strength 
compared to wild type mice (douglas et al., 2009). Lpin120884 mice did show a slight 
transitory weakness in hindlimb grip strength (douglas et al., 2009). 

in humans, mutations in Lpin1 resulted in recurrent myoglobinuria (rapid breakdown 
of muscle tissue) or statin-induced myopathy (muscular weakness) (Zeharia et al., 2008). 
unfortunately, these patients were not tested for peripheral neuropathy. in addition, 
although patients, aged 8-10 years, showed low height and weight, no aberrant fat 
distribution was observed (Zeharia et al., 2008).  

Summary
lipin 1 function is involved in lipid metabolism. aberrant lipin 1 function disrupts 
lipid metabolism in Wat but also affects nerve function. Future research will have to 
reveal if lipin 1 is also involved in additional processes, and additional research will 
determine if lipin 1 function might be suitable as a pharmaceutical target to treat 
disorders associated with altered cholesterol metabolism (such as tangier disease and 
smith-lemli-opitz-syndrome) or fatty acid metabolism (such as Refsum’s disease and 
diabetes mellitus). 

outlIne of thIs thesIs
Recent decennia have shown the fast rise of a global obesity epidemic, predominantly 
in first world countries. accordingly, knowledge regarding the correct regulation of 
body weight has grown exponentially. despite this increased understanding, long-term 
successful and safe pharmacological anti-obesity treatments have not been generated 
yet. in this thesis we have studied two rat models carrying a genetic mutation in either 
Pmch or Lpin1, both showing reduced adipose mass. although the reduction in adipose 
mass is generated through different mechanisms, enhanced knowledge on how these 
genes affect body weight regulation can potentially help the generation of adequate 
anti-obesity treatments. 

Chapter 1 has given a general introduction into the regulation of energy homeostasis. 
brain regions and neuropeptides involved in energy homeostasis regulation were 
explored, as well as a more detailed introduction regarding Pmch and Lpin1 function. 

in Chapter 2 we describe the initial characterization of the Pmch knockout rat 
model. Rats lacking functional Pmch are lean and hypophagic. in addition, we describe 
the observation that, although functional in adult rats during times of starvation, Pmch 
expression appears especially important during early development and puberty. 
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in Chapter 3 we study the motivational adaptations of the Pmch rat model. Rats 

lacking functional Pmch show decreased willingness to exert work for food rewards, 
while showing increased willingness to exert work for cocaine rewards. We describe 
molecular changes that might partially underlie this uncoupling behavior and propose 
a potential mechanism.

in Chapter 4 we focus on adipose tissue function in the Pmch rat model. although 
hypophagia is the predominant cause of the decreased adipose mass in this model, 
we investigate whether other factors add to the lean phenotype. catecholaminergic 
signaling, a mechanism that can increase lipolysis appears affected in rats lacking 
functional Pmch. 

in Chapter 5 we describe the initial characterization of the Lpin1 mutant rat 
model. lipin 1 is a bifunctional protein with PaP1 activity and transcriptional activity. 
Rats homozygous for a mutated form of Lpin1 are lean and show severe peripheral 
neuropathy. however, the neuropathy, caused by malformation of neuronal myelin 
sheets, regresses during rat maturation. in addition, the severe lipodystrophy improves 
too. We show that loss of PaP1 activity induces the neuropathy, and propose that correct 
function of its transcriptional motif positively affects lipid metabolism over time. these 
changes in lipid metabolism ameliorate myelin sheet morphology and lipodystrophy, 
resulting in near-complete rescue of the phenotype.

in Chapter 6 i summarize the results presented, and discuss the current status and 
potential of anti-obesity treatments using drugs targeting the functional pathways of 
Pmch or Lpin1. Furthermore, i speculate on the possibility of using drug-based obesity 
treatments and other treatments to counter the current worldwide obesity epidemic. 

taken together, we describe two new lean rat models. our findings provide new 
knowledge on how these genes regulate energy homeostasis and nerve functionality. 
With this increased knowledge, the creation of a pharmaceutical anti-obesity treatment 
or a treatment improving paralysis might be a step closer.
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aBstraCt
Postnatal development and puberty are times of strong physical maturation and require 
large quantities of energy. the hypothalamic neuropeptide melanin-concentrating 
hormone (mch) regulates nutrient intake and energy homeostasis, but the underlying 
mechanisms are not completely understood. here we use a novel rat knockout model in 
which the mch-precursor Pmch has been inactivated to study the effects of loss of mch 
on energy regulation in more detail. Pmch-/- rats are lean, hypophagic, osteoporotic, 
and although endocrine parameters were changed in pmch-/- rats, endocrine dynamics 
were normal, indicating an adaptation to new homeostatic levels rather than disturbed 
metabolic mechanisms. detailed body weight growth and feeding behavior analysis 
revealed that Pmch expression is particularly important during early rat development 
and puberty, i.e. the first 8 postnatal weeks. loss of Pmch resulted in a 20% lower set 
point for body weight that was determined solely during this period and remained 
unchanged during adulthood. although the final body weight is diet-dependent, 
the Pmch-deficiency effect was similar for all diets tested in this study. loss of Pmch 
affected energy expenditure in both young and adult rats, although these effects seem 
secondary to the observed hypophagia. our findings show an important role for Pmch 
in energy homeostasis determination during early development, and indicate that the 
mch-melanin-concentrating hormone Receptor 1-system is a plausible target for 
childhood obesity treatment, currently a major health issue in first world countries. 
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IntroduCtIon
childhood obesity is now widely recognized as a severe public health issue (ogden et 
al., 2006). treatment with drugs aimed at neural systems involved in the determination 
of the energy balance could potentially result in a lower energy balance during 
puberty as well as later in adulthood. therefore, neuropeptides involved in body 
weight regulation during early development and puberty are attractive targets for anti-
childhood obesity drugs. 

the neuronal metabolic systems in humans and primates develop prenatally while 
in rodents these systems develop during the first three postnatal weeks (grove et 
al., 2005; bouret and simerly, 2006). this results in the activation and optimization of 
neuronal systems during early rodent development. a second important metabolic 
period is puberty, a period of major growth, hormonal changes, and sexual maturation. 
in the rat, puberty is characterized by different responses of young-adolescent 
(postnatal day [Pnd] 40) and young-adult (Pnd 60) male rats to environmental cues 
like stress and cold (gomez and dallman, 2001; gomez et al., 2002). in addition to 
these age-dependent behavioral differences, the amount of food consumed during 
early rodent life plays an important role in determining subsequent food intake in 
later life (oscai and mcgarr, 1978). Following this initial observation, many studies 
have shown that postnatal nutrition is important for the regulation of appetite in adult 
rodents, suggesting that the energy balance is predominantly determined during early 
development (mcmillen et al., 2005).

mch has been shown to be a critical mammalian hypothalamic effecter of energy 
homeostasis by various genetic and pharmacological studies (Pissios et al., 2006). 
the mch-precursor gene (Pmch) is expressed predominantly in neurons of the lateral 
hypothalamic area (lha) and the incerto hypothalamic area (ihy), which project 
throughout the brain (bittencourt et al., 1992; sita et al., 2007). Pmch is also expressed 
in some peripheral tissues, such as the testes, although at lower levels than in brain 
(hervieu and nahon, 1995). Processing of Pmch results in the production of three 
neuropeptides: neuropeptide glycine-glutamic acid (n-ge), neuropeptide glutamic 
acid-isoleucine (n-ei) and mch (nahon et al., 1989). Pmch mRna is up regulated after 
fasting or leptin deficiency (Qu et al., 1996; Kokkotou et al., 2001), 3rd ventricle icV 
injections of mch increase food intake and body weight (Rossi et al., 1997; della-Zuana 
et al., 2002; gomori et al., 2003; ito et al., 2003; guesdon et al., 2009), Pmch knockout 
mice are lean due to a decreased food intake and an increased metabolic rate (shimada 
et al., 1998; Kokkotou et al., 2005), and overexpression of mch causes obesity (ludwig 
et al., 2001). in rodents mch binds to melanin-concentrating hormone Receptor 1 
(mch1R), a g-protein coupled receptor expressed throughout the brain (chambers et 
al., 1999; lembo et al., 1999; saito et al., 1999; saito et al., 2001). mch1R is particularly 
enriched in the nucleus accumbens shell (acbsh) (lembo et al., 1999; saito et al., 1999; 
Pissios et al., 2008), thus forming a potential hypothalamic-limbic circuit modulating the 
hedonic, or rewarding, aspects of feeding (georgescu et al., 2005; Pissios et al., 2008). 
Recently it was indeed shown that the mch system affects motivation for feeding or 
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drugs of abuse (chung et al., 2009; nair et al., 2009). Rodents only express mch1R, 
whereas humans also express a second mch receptor, mch2R (sailer et al., 2001). 
Recent studies have focused on mch1R, demonstrating that mch1R-antagonism 
decreases food intake and weight gain in adult rodents (shearman et al., 2003; mashiko 
et al., 2005; Palani et al., 2005; handlon and Zhou, 2006; luthin, 2007). 

most mch-related studies using genetic models or mch antagonists have primarily 
focused on the function of mch during adulthood. therefore the effect of loss of Pmch 
expression on energy regulation during early development is largely unexplored. to 
study nutrient intake during this period, we utilized a novel rat knockout model that 
was generated recently using an enu-driven target-selected mutagenesis approach 
(smits et al., 2006). Preliminary studies in young-adult animals showed that the caloric 
intake of pmch-/- rats was unchanged compared to control littermates when nutrient 
intake data were normalized for body weight. Following this initial observation we 
have analyzed the metabolic characteristics of the Pmch knockout rat model on 
three different diets (maintenance [m], semi-high-protein [shP], and high-fat [hF]) by 
following body weight and food intake during development and adulthood, and by 
measuring endocrine values. Furthermore, the metabolic profile of pmch-/- rats was 
analyzed using indirect calorimetry. our results show that Pmch plays an important role 
in the energy balance determination during the first 8 postnatal weeks, and that loss 
of Pmch results in a 20% decreased body weight during adulthood regardless of diet.

materIal and methods
Animals. the animal care committee of the Royal dutch academy of science and the leiden 
university medical center approved all experiments according to the dutch legal ethical 
guidelines. the Pmch knockout rat (Pmch1hubr) was generated by target-selected enu-driven 
mutagenesis (see smits et al., 2006). briefly, high-throughput resequencing of genomic target 
sequences in progeny from mutagenized rats revealed an enu-induced premature stopcodon 
in exon 1 (K50X) of Pmch in a rat (Wistar/crl background). the heterozygous mutant animal was 
backcrossed to wild type Wistar background for six generations to eliminate confounding effects 
from background mutations induced by enu. assuming that the total amount of coding dna in a 
male rat is approximately 28.6 x106 bp (cuppen et al., 2007) and the used enu treatment resulted 
in a mutation frequency of 1 per 1.5x106 bp (smits et al., 2006), approximately 19 mutations can 
be expected in protein-coding sequences of the founder animal. backcrossing six times would 
therefore decrease the total number of random background mutations to 1. Furthermore, the 
maximal number of nonsense inducing mutations (nims) is much lower than 19, i.e. 3 (cuppen 
et al., 2007). however, as part of the donor chromosome harboring the Pmch mutation is still 
present after six backcrosses (Keays et al., 2006), we cannot fully exclude the presence of tightly 
linked confounding mutations in our rat model. to further control for possible contributions of 
confounding mutations, we repeated several measurements in different outcross generations 
and could replicate previous findings in each generation. additionally, we always generated 
experimental pmch+/+ and pmch-/- rats by crossing pmch+/- rats. experimental rats were obtained 
at the expected mendelian frequency. Furthermore, littermates (with similar genetic backgrounds) 
were used as much as possible for experiments. Pmch-/- rats were viable into adulthood and fertile, 
and appeared phenotypically normal despite their lower body weight. two rats were housed 
together, unless noted otherwise, under controlled experimental conditions (12 h light/dark cycle, 
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light period 0600-1800, 21±1°c, ~60% relative humidity). the standard fed diet in our animal 
facility (semi high-protein chow: Rm3, 26.9% crude protein, 11.5% fat, and 61.6% carbohydrates; 
3.33 kcal/g aFe; sds, Witham, united Kingdom) was provided ad libitum together with water, 
unless noted otherwise (maintenance chow: Rm1, 17.5% crude protein, 7.4% fat, and 75.1% 
carbohydrates; 3.29 kcal/g aFe, sds, Witham, united Kingdom; high-fat chow: 45%-aFe, 20% 
crude protein, 45% fat, and 35% carbohydrates; 4.54 kcal/g aFe sds, Witham, united Kingdom). 
only male rats were used in the present study. 

Genotyping. genotyping was done using the KasPar snP genotyping system (Kbiosciences, 
hoddesdon, united Kingdom; as described in van boxtel et al., 2008) using gene-specific primers 
(forward common, ttaat acatt cagga tgggg aaagc cttt; reverse wild type, gaagg 
tgacc aagtt catgct cgatc tttct gcggt atctt cctt; reverse homozygous, gaagg 
tcgga gtcaa cggat tcgat ctttc tgcgg tatct tccta). all pups were genotyped at 
3 weeks of age. genotypes were reconfirmed when experimental procedures were completed.

Northern Blot analysis. northern blot analysis (as described in homberg et al., 2007) was done 
using a Pmch specific radiolabeled PcR-derived probe covering the first exon of the gene. the 
following primers were used for probe generation: forward primer: attct ccttc ggctt tacg; 
reverse primer: tccag agaag gagca acaac. 

Body weight and nutrient intake. animals were housed individually at Pnd 21. until weaning, 
animals had access to shP diet in their maternal home cage. body weight, water intake, and food 
intake was monitored biweekly for 18 weeks. Food (m, shP, or hF diet) and water were provided 
ad libitum. at 8 and 17 weeks of age, nutrient intake was measured for 6 consecutive days at 06:00 
(dark phase intake) and at 18:00 (light phase intake). 

WAT and organ weight. a Wat fat pad sample (containing the right side of the subcutaneous 
Wat pad, the whole epididymal Wat pad, the right side of the perirenal Wat pad, the whole 
mesenteric Wat pad), liver, adrenals, and the thymus were isolated from 26-week-old rats.

Jugular vein catheter. 22-week-old rats were anaesthetized with isoflurane and equipped with 
a jugular vein catheter (headpiece: connector Pedestal 20ga, Plastics one, Roanoke, Va, usa). 
before surgery, rats received one dose of temgesic® (0.05 mg/kg, subcutaneous; schering-Plough, 
utrecht, the netherlands). Rats were allowed to recover for 7 days during which they were handled 
to minimize stress. 

Indirect calorimetry. indirect calorimetry was measured in an 8-cage combined, open circuit 
indirect calorimetry system (labmaster system, tse systems, bad homburg, germany). after a 
20hr acclimatization period, parameters of indirect calorimetry (o2 uptake [Vo2] and co2 [Vco2] 
production) and caloric intake (shP diet) were measured for 3 consecutive days. Respiratory 
exchange rate (ReR) as a measure for metabolic substrate choice was calculated using the following 
formula, with Vo2 and Vco2 given in ml/h: ReR=Vco2/Vo2. carbohydrate and fat oxidation rates 
were calculated from Vo2 and Vco2 using the following formulas: carbohydrate oxidation (cal/h) 
= (4.585*Vco2 -3.226*Vo2)*4 and fat oxidation (cal/h) = (1.695*Vo2 -1.701* Vco2)*9. total energy 
expenditure (ee) was calculated from the sum of carbohydrate and fat oxidation. Physical activity 
was measured using infrared sensor frames. interruptions of infrared sensor pairs were detected 
by a control unit and registered by a computer with the relevant software (actimot2, tse systems). 
body composition and bone mass density were measured by dual-energy X-ray absorptiometry 
(deXa) using a norland pdeXa sabre scanner (norland stratec, Fort atkinson, Wi, usa). Fecal 
samples were collected, freeze-dried, and analyzed for gross energy content using adiabatic 
bomb calorimetry (ika-calorimeter system c4000 heitersheim, germany). the energetic ratio was 
calculated as the ee (kcal/day) divided by the metabolisable energy (kcal/day; kcal ingested minus 
kcal lost in feces). all measurements were done at Pnd 40 and 120. at Pnd 130, an indirect 
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calorimetric analysis was performed during 48hr caloric starvation (no shP diet; water freely 
available), followed by 72hr of refeeding.

Statistical analysis. data are expressed as mean ± s.e.m. longitudinal body weight, longitudinal 
endocrine (leptin, insulin, glucose), iVitt, iVgtt, and longitudinal body core temperature data 
were analyzed using a repeated-measures anoVa followed by a tukey-hsd post hoc analysis. 
the statistical analysis included the within-subjects factors of time (days or hours) and genotype 
(pmch+/+, pmch-/-). all other data were analyzed using a students’ t-test. all data were analyzed 
using a commercially available statistical program (sPss for macintosh, version 16.0). the null 
hypothesis was rejected at the 0.05 level.

results
Generation of the Pmch knockout rat. in a large enu-driven target-selected 
mutagenesis screen we identified a rat carrying a heterozygous mutation in Pmch 
(smits et al., 2006). the mutation (K50X) resulted in a premature stop codon in exon 
1 (Fig. 1A). northern blot analysis showed that Pmch mRna is almost completely 
absent in pmch-/- animals, most likely as a result of nonsense-mediated decay (Fig. 1B). 
Furthermore, Pmch expression is gene dose-dependent reduced in pmch+/- rats. the 
knockout phenotype was confirmed by immunohistochemistry, which showed that all 
three neuropeptides derived from Pmch, n-ge, n-ei, and mch, are absent in sections 
of the lateral hypothalamus of pmch-/- animals (Fig. 1c).

Pmch knockout rats are lean and hypophagic. the body weight of pmch+/+ and pmch-/- 

rats was monitored on three different diets (m, shP, and hF) for 18 weeks starting at 
Pnd 21. at the end of the study, pmch-/- animals showed a lower body weight compared 
to pmch+/+ rats on all three diets (Fig. 2, A-c). body weight did not differ between 
genotypes at birth, or between birth and the 3rd postnatal week (data not shown), but 
started to diverge approximately 3 weeks after birth. Furthermore, pmch-/- rats showed 
a reduction in naso-anal body length at 6 and 13 weeks (m, shP diet) and 12 weeks 
(hF diet) of age (supplementary Figure s1), suggesting an impaired growth that could 
be a secondary effect of the decreased caloric intake. When the study was completed, 
relative body weight of pmch-/- rats was 78% (m), 79% (shP), and 82% (hF) compared 
to pmch+/+ rats (Fig. 2, A-c). Pmch+/+ as well as pmch-/- rats on hF diet showed a higher 
body weight at the end of the study compared to m or shP diet (109% and 112% 
increase in pmch+/+ rats and 114% and 117% in pmch-/- rats, respectively; Fig. 2, A-c). 
this indicates that pmch-/- animals are capable of increasing their body weight when 
presented with a hF diet. longitudinal analysis of caloric intake showed that pmch-/- 

animals were hypophagic on m diet (Fig. 2D), shP diet (Fig. 2E), and hF diet (Fig. 2F). 
caloric intake measured during 6 consecutive days in 8-week and 17-week-old rats 
confirmed these observations (supplemental Fig. s2A), and showed the hypophagia 
occurred both during the light and dark phase (supplemental Fig. s2c). Water 
intake was decreased in 8-week-old pmch-/- rats on all diets, and unchanged (m diet), 
decreased (shP diet), or increased (hF diet) in 17-week-old pmch-/- rats compared to 
pmch+/+ rats (data not shown). 
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Body analysis and endocrine profile of Pmch knockout rats. body analysis of 26-week-
old pmch-/- rats (m, shP, and hF diet) revealed a decrease in adipose tissue, even if 
adipose tissue was normalized for total body weight (Fig. 3A). liver weights were lower, 
but showed no difference when normalized for total body weight, indicating that liver 
weights were proportional to the body weights (Fig. 3A). blood analysis in 24-week-old 
pmch-/- rats revealed lower plasma leptin concentrations on all three diets compared 
to pmch+/+ rats (Fig. 3B). Plasma glucose concentrations did not differ on m diet and 
tended to be higher in pmch-/- rats on shP diet, while on hF diet pmch-/- rats showed 
higher plasma glucose concentrations compared to pmch+/+ rats (Fig. 3c). Plasma 
insulin concentrations were lower in pmch-/- rats on m or shP diet, but did not differ 
between genotypes on hF diet (Fig. 3D). Plasma insulin concentrations in pmch-/- rats 
seemed lower during the end of the dark phase (04:00) on all three diets (Fig. 3D). a 
hyperinsulinemic-euglycemic clamp study in body weight-matched pmch+/+ and pmch-/- 
rats revealed no difference in basal glucose levels (pmch+/+: 5.73 ± 0.09 mmol/l; pmch-/-

: 5.50 ± 0.12 mmol/l; P = 0.14 by students’ t-test) or insulin levels (pmch+/+: 1.23 ± 0.15 
ng/ml; pmch-/-: 1.00 ± 0.18 ng/ml; P = 0.36 by students’ t-test) during an equilibrium 

Fig. 1. Confirmation of the Pmch knockout rat. A: sequencing revealed an induced premature 
stop codon in the first exon (K50X) in the mch precursor gene (indicated in schematic overview). 
the light grey bar indicates the probe used for the northern blot analysis. B: northern blot analysis 
of whole brain tissue demonstrated that the premature stopcodon results in almost complete loss 
of Pmch mRna in animals homozygous for the mutation, and showed a gene dose-dependent 
reduction in Pmch expression in heterozygous rats (53% expression compared to Wt). c: im-
munohistochemistry (250x enlargement) revealed that all three neuropeptides derived from the 
Pmch precursor, n-ge, n-ei, and mch, are absent in hypothalamic sections derived from pmch-/- 

animals. abbreviations: 3V, third ventricle; ic, internal capsule; f, fornix; ihy, incerto hypothalamic 
area; lha, lateral hypothalamic area. 
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state in the early afternoon. however, pmch-/- rats showed a lower basal endogenous 
glucose production (egP) compared to pmch+/+ rats, reflecting a decreased metabolic 
clearance rate (mcR) (Fig. 3E). under hyperinsulinemia (pmch+/+: 2.16 ± 0.08 ng/ml; 
pmch-/-: 2.24 ± 0.09 ng/ml; P = 0.25 by students’ t-test), both pmch+/+ and pmch-/- rats 
showed a reduction in egP, but no differences were found between groups (Fig. 3E). 
When comparing hyperinsulinemic to basal values, insulin-mediated suppression on 
the egP did not differ between genotypes (pmch+/+: -63.07 ± 3.67%; pmch-/-: -62.13 
± 2.86%; P = 0.84 by students’ t-test). in addition, glucose disappearance rate (Rd) 
did also not differ between genotypes (pmch+/+: 94.21 ± 5.43 mmol/kg.min; pmch-/-

: 99.01 ± 5.74 mmol/kg.min; P = 0.56 by students’ t-test). these data indicate that 
pmch-/- rats have a functional and dynamic insulin system for maintaining the basal 

Fig. 2. Pmch knockout rats show a lower body weight and decreased caloric intake on three 
different diets. A: body weight of pmch-/- rats was lower compared to pmch+/+ rats on m diet 
(squares; F(1, 20) = 72.2, P < 0.001). B: body weight of pmch-/- rats was lower compared to pmch+/+ 

rats on shP diet (triangles; F(1, 19) = 82.6, P < 0.001). c: body weight of pmch-/- rats was lower 
compared to pmch+/+ rats on hF diet (circles; F(1, 29) = 101.6, P < 0.001). Rats on hF diet increased 
their body weight compared to rats on m or shP diet with both genotypes (Pmch+/+ hF vs. Pmch+/+ 

m: F(1, 25) = 18.6, P < 0.001; Pmch-/- hF vs. Pmch-/- m: F(1, 24) = 22.9, P < 0.001; Pmch+/+  hF vs. Pmch+/+  
shP: F(1, 24) = 26.9, P < 0.001; Pmch-/- hF vs. Pmch-/- shP: F(1, 24) = 51.7, P < 0.001). animals on m or 
shP diet showed no difference in body weight within genotype (Pmch+/+ m vs. Pmch+/+ shP: F(1, 21) 
= 1.6, P = 0.23; Pmch-/- m vs. Pmch-/- shP: F(1, 18) = 1.2, P = 0.29). statistical analysis also revealed 
an effect for time and a time x genotype interaction for all groups. Pmch-/- rats started showing a 
reduced body weight per individual measurement after 22 days of age (shP and hF diet) or 26 
days of age (m diet). D: Pmch-/- rats on m diet ingested fewer calories compared to pmch+/+ rats 
(P < 0.001 for all individual measurements, students’ t-test). E: Pmch-/- rats on shP diet ingested 
fewer calories compared to pmch+/+ rats (P < 0.001 for all individual measurements, students’ 
t-test). F: Pmch-/- rats on hF diet ingested fewer calories compared to pmch+/+ rats (P < 0.001 for 
all individual measurements, students’ t-test). data are expressed as means ± s.e.m. (n = 10-16 
per group).
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Fig. 3. Pmch knockout 
rats show a changed 
endocrine profile on 
three different diets 
although dynamics are 
intact. A: Pmch-/- rats 
showed decreased 
body-, total Wat 
fat pad-, and liver 
weights compared to 
pmch+/+ rats on three 
different diets (m, 
shP, and hF) (n = 3-6 
per group). Relative 
body weight is 78% 
(m), 80% (shP), and 
77% (hF). Relative total 
Wat weight is 48% 
(m), 51% (shP), 54% 
(hF), and 61% (m), 63% 
(shP), and 70% (hF) 
when normalized for 
body weight. Relative 
liver weight is 71% 
(m), 75% (shP), and 
74% (hF). however, 
if liver weights were 
normalized for body 
weight, no difference 
was found between 
genotypes. B: Pmch-/- 

rats showed decreased 
plasma leptin levels 
during 24 hrs on m, 
shP, and hF diet 
compared to pmch+/+ 

rats (§P < 0.05; F(1, 17) = 
7.4, F(1, 20) = 12.6, F(1, 15) 
= 7.0, respectively; n 
= 8-12 per group). c: 
Pmch-/- rats showed 
unchanged plasma 
glucose levels on m 
diet (F(1, 21) = 0.0001, P 
= 0.98), an elevated trend on shP diet (F(1, 23) = 3.9, P = 0.06), and elevated glucose levels on hF 
diet (F(1, 16) = 7.0, §P < 0.05) compared to pmch+/+ rats (n = 9-13 per group). D: Pmch-/- rats showed 
decreased plasma insulin levels on m and shP diet (F(1, 18) = 10.0 and F(1, 20) = 13.1 respectively; §P 
< 0.05), but unchanged insulin levels on hF diet (F(1, 15) = 1.5, P = 0.24) compared to pmch+/+ rats (n 
= 8-12 per group). E: Pmch-/- rats body weight-matched to pmch+/+ rats showed a decreased basal 
endogenous glucose production (egP) and a decreased basal metabolic clearing rate (mcR) 
compared to pmch+/+ rats during a hyperinsulinemic-euglycemic clamp analysis (n = 6 per group). 
egP levels under hyperinsulinemic conditions did not differ significantly between genotypes (P 
= 0.33 by students’ t-test; n = 6 per group). *P < 0.05 by students’ t-test. data are expressed as 
means ± s.e.m. the black bars on the x-axes in panels’ B, c, and D indicate the dark phase.
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glucose production and utilization. in line with this, intravenous insulin-tolerance tests 
(iVitt) revealed no difference between genotypes in whole-body insulin sensitivity 
(supplemental Fig. s3A). interestingly, intravenous glucose-tolerance tests (iVgtt) 
showed a trend towards a slightly delayed glucose removal in response to a glucose 
bolus in pmch-/- rats on shP or hF diet (supplemental Fig. s3A). the hypothalamic-
Pituitary-adrenal (hPa) axis activity was also investigated in the 26-week-old pmch-/- 
rats, finding a decreased thymus weight in pmch-/- rats on shP diet (pmch+/+: 0.351 ± 
0.018 g, pmch-/-: 0.263 ± 0.014 g; P < 0.05 by student’s t-test; n = 3-4 per group), but 
no difference on the other two diets (data not shown). Weight of the adrenals did not 
differ on any diet (data not shown). Plasma corticosterone levels at 08:00 and 20:00 also 
showed no differences between pmch+/+ and pmch-/- rats on m diet (data not shown). 

Fig. 4. Pmch knockout rats show a switch in caloric intake and relative body weight stabilization 
during development. A: Pmch-/- rats showed a stabilization of relative body weight difference 
during week 8 (Pnd 50-56) on all three diets (m, shP, and hF) compared to pmch+/+ rats. B: Pmch-/- 
rats showed a switch in relative caloric intake normalized for body weight compared to pmch+/+ 
rats on m diet. average relative caloric intake from day 40 till day 57 is 94%. however, average 
relative intake from day 61 till day 145 is 103%. c: Pmch-/- rats showed a switch in relative caloric 
intake normalized for body weight compared to pmch+/+ rats on shP diet. average relative caloric 
intake from day 40 till day 57 was 96%. however, average relative intake from day 61 till day 145 
was 104%. D: Pmch-/- rats showed a switch in relative caloric intake normalized for body weight 
compared to pmch+/+ rats on hF diet. average relative caloric intake from day 46 till day 57 was 
97%. however, average relative intake from day 61 till day 117 was 102%. *P < 0.05 by students’ 
t-test. data are expressed as means ± s.e.m. (n = 10-16 per group).
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Basal physical activity and body core 
temperature. basal physical activity 
measured in 10-week-old (m, shP, and 
hF) or 19-week-old (hF) rats using a 
home-cage monitoring system did not 
differ between pmch+/+ and pmch-/- 

rats (supplemental Fig. s4A). body 
core temperature measured using 
telemetry revealed no significant 
difference between 25-week-old 
pmch+/+ and pmch-/- rats on shP diet 
(supplemental Fig. s4B). however, 
pmch-/- rats showed two small peaks 
in body core temperature during the 
night phase compared to pmch+/+ rats 
(supplemental Fig. s4B). 

Pmch knockout rats have an altered 
energy balance set point. the relative 
body weight of pmch-/- rats on all diets 
decreased approximately 20% during 
the first 7 weeks compared to pmch+/+ 

rats, but this difference stabilized 
quite abruptly during week 8 (Fig. 4A). 
after this stabilization, the relative 
body weight difference stayed stable 
during the remainder of the study and 
the average remained approximately 
79%, 79%, and 83% (m, shP, and hF 
respectively) compared to pmch+/+ rats 
(Fig. 4A). the observed stabilization 
occurred exactly during the same week of age, postnatal week 8 (Pnds 50-56), with all 
three diets. these results indicate that the energy balance is set differently in pmch-/- 
rats when entering adulthood and is maintained at a lower level during adulthood. 
the observed deviation in body weight between pmch+/+ and pmch-/- rats during the 
first 8 weeks is mirrored by the weekly body weight growth rate, which is decreased in 
pmch-/- rats during the first 8 weeks compared to pmch+/+ rats on all three diets, but 
approaches the level of pmch+/+ rats during adulthood (supplemental Fig. s5A-c). this 
indicates that the body weight growth rate is only decreased in pmch-/- rats during the 
first 8 weeks. body weight growth per calories was increased in 7-week-old pmch-/- 
rats compared to pmch+/+ rats, although not significantly on m diet (supplemental 
Fig. s5D). the same pattern was observed in 14-week-old rats (supplemental Fig. 

Fig. 5. Hypothalamic gene expression in 
Pmch knockout rats. A: gene expression of 
a selection of hypothalamic neuropeptides 
at Pnd 40. Relative expression of Pmch and 
Fto is decreased in pmch-/- rats compared to 
pmch+/+ rats (*P < 0.05 by students’ t-test). 
B: gene expression of a selection of hypo-
thalamic neuropeptides at Pnd 100. Relative 
expression of Pmch, mchr1, and Pomc is 
decreased while expression of hcrt and Fto 
is increased in pmch-/- rats compared to 
pmch+/+ rats (*P < 0.05 by students’ t-test). 
data are expressed as means ± s.e.m. (n = 
9 per group). 
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Fig. 6. Energy expenditure in Pmch knockout rats. A: body weight is decreased in pmch-/- rats 
compared to pmch+/+ rats (F(1, 18) = 36.3, P < 0.001). Relative body weight stabilizes during week 
7 (insert). metabolic measurements are indicated by a triangle. B: lean mass was decreased in 
pmch-/- rats at Pnd 120, but not at Pnd 40 compared to pmch+/+ rats (*P < 0.05 by students’ 
t-test). c: Fat mass was decreased in pmch-/- rats at Pnd 40 and 120 compared to pmch+/+ rats 
(*P < 0.05 by students’ t-test). D: Food intake was decreased in pmch-/- rats at Pnd 40 and 120 
compared to pmch+/+ rats (*P < 0.05 by students’ t-test). E: Food intake normalized for lean mass 
(lm) was decreased in pmch-/- rats at Pnd 40 and 120 compared to pmch+/+ rats (*P < 0.05 by 
students’ t-test). F: Food intake normalized for body weight (bW) was equal between genotypes 
at Pnd 40 and 120 (93 and 103%, respectively). G: energy expenditure was decreased in pmch-/- 
rats at Pnd 40 and 120, both during the light (l) and dark (d) phase compared to pmch+/+ rats 
(*P < 0.05 by students’ t-test). h: energy expenditure normalized for lean mass was decreased in 
pmch-/- rats during the Pnd 40 light and dark phase (*P < 0.05 by students’ t-test), but showed 
no difference during the Pnd 120 dark phase compared to pmch+/+ rats. i: energy expenditure 
normalized for body weight showed increased trends in pmch-/- rats during the Pnd 40 light 
and dark phase and the Pnd 120 light phase (P = 0.07, P = 0.09, and P = 0.051, respectively, by 
students’ t-test), and was increased during the Pnd 120 dark phase compared to pmch+/+ rats 
(*P < 0.05 by students’ t-test). J: Fecal output (dry weight per day) was decreased in pmch-/- rats 
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s5E), indicating that although lean, the growth efficiency of pmch-/- rats is improved 
compared to pmch+/+ rats after ingesting the same amount of calories. 

Pmch knockout rats show relative hypophagia during early development and relative 
hyperphagia during adulthood. to investigate the sudden stabilization of relative 
body weight, we normalized caloric intake for body weight. after normalization for 
body weight and shown as relative caloric intake, young pmch-/- rats (<Pnd 55) showed 
slight hypophagia, while adult pmch-/- rats (>Pnd 60) showed slight hyperphagia on m 
diet (Fig. 4B), shP diet (Fig. 4c), and hF diet (Fig. 4D) compared to pmch+/+ rats. caloric 
intake measured during 6 consecutive days in 8-week and 17-week-old rats confirmed 
these observations (supplemental Fig. s2, B and D). a same ‘biphasic’ pattern was 
observed for relative water intake on all diets (data not shown). 

Hypothalamic gene expression. because the hypothalamus is an important brain region 
regulating energy balance, the relative expression of a subset of hypothalamic genes 
in young (Pnd 40) and adult (Pnd 100) rats was investigated. at both Pnd 40 and 100, 
expression of Pmch was almost undetectable in pmch-/- rats compared to pmch+/+ rats 
(Fig. 5, A and B). at Pnd 40, expression of Fatso (Fto) was decreased, while expression 
of melanin-concentrating hormone Receptor 1 (mchr1), Pro-opiomelanocortin 
(Pomc), cocaine- and amphetamine-regulated transcript (cartpt), neuropeptide-y 
(npy), agouti-related peptide (Agrp), and hypocretin (hcrt; also known as orexin) was 
unchanged in pmch-/- rats compared to pmch+/+ rats (Fig. 5A). at Pnd 100, expression 
of hcrt and Fto was increased, expression of mchr1 and Pomc was decreased, and 
expression of cartpt, npy, and Agrp was unchanged in pmch-/- animals compared to 
pmch+/+ rats (Fig. 5B). 

Energy expenditure in Pmch knockout rats. to investigate how loss of Pmch affects 
energy expenditure, indirect calorimetric analysis was performed using metabolic 
cages at Pnd 40 and 120. Pmch-/- rats showed a lower body weight gain over time, 
again characterized by a sudden stabilization of relative body weight difference (Fig. 
6A). lean mass did not differ between genotypes at Pnd 40, but was decreased at 
Pnd 120 (Fig. 6B). Fat mass was decreased in pmch-/- rats at both Pnds compared to 
pmch+/+ rats (Fig. 6c). Food intake was lower in pmch-/- rats at both Pnds compared 
to pmch+/+ rats (Fig. 6D). after normalization for lean mass, food intake remained 
lower compared to pmch+/+ rats (Fig. 6E). in contrast, if data were normalized for total 
body mass food intake did not differ between genotypes (Fig. 6F). absolute energy 
expenditure (ee) in pmch-/- rats was decreased at Pnd 40 and 120 compared to pmch+/+ 

at Pnd 40 and 120 compared to pmch+/+ rats (*P < 0.05 by students’ t-test). K: Fecal energy loss 
(kcal per day) was decreased in pmch-/- rats at Pnd 40 and 120 compared to pmch+/+ rats (*P < 
0.05 by students’ t-test). L: the energetic ratio (ee per day divided by metabolisable energy per 
day) showed an increased trend in pmch-/- rats at Pnd 40 (116%; P = 0.058 by students’ t-test), but 
was equal between genotypes at Pnd 120 compared to pmch+/+ rats (105%; P = 0.32 by students’ 
t-test). data are expressed as means ± s.e.m. (n = 8 per group)
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rats, both during the light and dark phase (Fig. 6G). the decreased ee in pmch-/- rats 
was characterized by a decreased carbohydrate oxidation, while fat oxidation was 
equal between genotypes (data not shown). ee normalized for lean mass in pmch-/- rats 
was decreased at Pnd 40 during the light and dark phase, and showed a decreased 
trend during the Pnd 120 light and dark phase compared to pmch+/+ rats (Fig. 6h). ee 
normalized for total body mass was increased at Pnd 120 in pmch-/- rats during the 
dark phase and showed an increased trend during the Pnd 40 light and dark phase and 
the Pnd 120 light phase compared to pmch+/+ rats (Fig. 6i). Fecal output per day and 
fecal energy content were decreased in pmch-/- rats at both Pnds compared to pmch+/+ 
rats (Fig. 6, J and K). the energetic ratio, i.e. the fraction of ee per kcal metabolisable 
energy, showed an increased trend in pmch-/- rats at Pnd 40 compared to pmch+/+ rats, 
but did not differ between genotypes at Pnd 120 (Fig. 6L).

Caloric restriction. at Pnd 130, body weights of pmch+/+ and pmch-/- rats decreased 
equally during 48hr starvation (supplemental Fig. s6A). if body weight loss was 
expressed as a percentage of the body weight at the start of the starvation, pmch-/- 
rats showed an increased trend compared to pmch+/+ rats (P = 0.06; supplemental 
Fig. s6B). during 72hr refeeding, the body weight regain showed an increased trend 
in pmch+/+ rats compared to pmch-/- rats (P = 0.11; supplemental Fig. s6c). however, 
this trend was not observed if the body weight regain was expressed as a percentage 
of the body weight at the end of the starvation (supplemental Fig. s6D). during the 
starvation, no difference in ee was observed between genotypes (supplemental Fig. 
s6E). however, approaching the end of the starvation, pmch-/- rats showed lower ee 
compared to pmch+/+ rats (data not shown). the decreased body weight regain trend 
in pmch-/- rats was reflected by an impaired refeeding response compared to pmch+/+ 
rats (supplemental Fig. s6F). additionally, both pmch+/+ and pmch-/- rats showed 
hyperphagia compared to basal caloric intake levels at Pnd 120 (87.5 vs. 70.2 and 73.2 
vs. 60.9 kcal/day, respectively; Fig. 6D, supplemental Fig. s6F). 

Testosterone does not induce the observed stabilization of relative body weight. 
as the observed stabilization of relative body weight and ‘switch’ in nutrient intake 
behavior appeared around the end of rat puberty (approximately between Pnds 55 
and 65), we tested the hypothesis that changes in blood testosterone levels induced 
our observed phenotype. orchiectomy during postnatal week 5 reduced the body 
weight of pmch+/+ and pmch-/- rats compared to sham-operated pmch+/+ and pmch-/- 

rats (supplemental Fig. s7A). both orchiectomized pmch+/+ and pmch-/- rats showed a 
decrease in relative body weight compared to sham-operated rats, although no clear 
stabilization pattern is observed around week 8 (supplemental Fig. s7, B and c). sham-
operated pmch-/- rats showed a clear stabilization of relative body weight compared to 
sham-operated pmch+/+ rats around week 8, confirming observations from untreated 
animals (Fig. 4c, supplemental Fig. s7D). however, orchiectomized pmch-/- rats also 
showed a stabilization of relative body weight compared to orchiectomized pmch+/+ rats 
around week 8 (supplemental Fig. s7E). serum free testosterone levels in pmch-/- rats 
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showed no difference on shP diet around Pnd 40, a decreased trend on Pnd 60, and 

levels were decreased on Pnd 120 compared to pmch+/+ rats (supplemental Fig. s7F). 

orchiectomy resulted in almost undetectable levels in both genotypes (supplemental 

Fig. s7F). 

Pmch knockout rats develop osteoporosis. bone mass density was reduced in pmch-/- 

rats at both Pnd 40 and 120 compared to pmch+/+ rats (supplemental Fig. s8).

dIsCussIon
the key findings of this work is the demonstration that Pmch expression during early 

development and puberty is of critical importance for a normal energy balance, and 

that loss of Pmch results in a 20% decreased energy balance that is maintained during 

adulthood. 

While the role of mch in energy regulation is well established, it should be noted that 

the entire Pmch gene is inactivated in our rat model and that the less well-characterized 

neuropeptides n-ge and n-ei are not expressed. although n-ge so far does not seem 

to have a biological function, n-ei is implicated in modulatory action on anxiety- and 

sexual-related behavior in female rats (gonzalez et al., 1998), increases luteinizing 

hormone release (attademo et al., 2004), and stimulates grooming, locomotion, and 

rearing in male rats (sanchez et al., 1997). these additional neuropeptides could 

perform as of yet unknown functions, thereby contributing to phenotypes observed in 

this study. 

Pmch-/- rats have a lower body weight and are hypophagic. Plasma leptin levels were 

lower in pmch-/- rats, correlating with the lower adipose amounts. two independent 

studies showed that mch is a positive regulator of insulin release (tadayyon et al., 

2000; Pissios et al., 2007), thus loss of Pmch expression could explain the decreased 

basal plasma insulin levels and the delayed glucose clearance in the iVgtt studies. 

basal insulin levels were lower especially at the end of the dark phase, suggesting a 

combinatorial effect of decreased caloric intake and loss of mch-stimulated insulin 

release. basal egP levels in the pmch-/- rats were 22% lower compared to pmch+/+ rats). 

however, under hyperinsulinemic conditions, this significant difference disappeared, 

although on average levels were still 16% lower in pmch-/- rats. the inhibition of egP 

levels by the hyperinsulinemic conditions was equal between genotypes. moreover, 

iVitt studies also showed no difference between genotypes. these findings indicate 

that pmch-/- rats react normal to insulin. Plasma leptin, insulin, and glucose levels 

showed normal circadian patterns in general, and insulin sensitivity was unchanged 

between genotypes, indicating that the system dynamics in pmch-/- rats are intact and 

functional, although adapted to new homeostatic levels. additionally, thymus weight, 

adrenal weight, and plasma corticosterone levels showed no clear differences between 

pmch+/+ and pmch-/- rats, suggesting that the hPa axis is not severely affected in male 

Pmch-deficient rats. 
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chronic loss of Pmch in mice resulted in hypophagia (shimada et al., 1998); however 
this was characterized in adult mice only. detailed longitudinal analysis of feeding 
behavior in pmch-/- rats confirmed the hypophagia but also revealed a more complex 
phenotype. First, food intake corrected for lean mass was lower in young and adult 
pmch-/- rats compared to pmch+/+ rats. secondly, when caloric intake was normalized for 
total body mass, young pmch-/- rats (<Pnd 55) showed a slight hypophagia, while adult 
young pmch-/- rats (>Pnd 60) showed a slight hyperphagia compared to pmch+/+ rats. 
this indicated that adult pmch-/- rats consumed approximately equal or higher amounts 
of calories per body weight compared to pmch+/+ rats. the switch in caloric intake 
occurred in the same week for all three diets, suggesting that the effect is genetic and 
not dietary, and overlapped precisely with the stabilization in relative body weight. 
moreover, not only male but also female pmch-/- rats showed a stabilization of relative 
body weight around week 8 compared to pmch+/+ rats (data not shown). the body 
weight growth per week mirrored the above-mentioned longitudinal feeding pattern, 
being lower in pmch-/- rats compared to pmch+/+ rats until ~Pnd 60, but approaching 
the level of pmch+/+ rats afterwards. the increased body weight growth per calories in 
pmch-/- rats is in line with a previous report showing that a caloric restriction induces 
adipocyte adaptations thus promoting fat storage (sugden et al., 1999). it is however 
important to note that loss of Pmch does not mimic temporary caloric restriction with 
accompanying body weight regain after refeeding, but results in a model of chronic 
voluntary caloric restriction as rats were allowed to feed ad-libitum throughout their life. 
our findings suggest that Pmch expression drives energy intake and storage to levels 
exceeding the minimal need to grow during early development and puberty, but that 
this ‘overstimulation’ disappears around postnatal week 8. during adulthood, Pmch 
expression remains functional during times of starvation (Qu et al., 1996). however, our 
findings indicate that Pmch expression is especially relevant during early development 
and puberty. this is supported by the observation that the energy balance in pmch-/- rats 
remained ~80% compared to pmch+/+ rats during the remainder of our study. moreover, 
nest-size induced food restriction of pups until Pnd 25 decreases relative body weight, 
and this difference in relative body weight diminishes again when animals are given 
ad-libitum access to chow after Pnd 25 (Remmers et al., 2008). however, the catch-up 
growth is incomplete as relative body weight stabilizes around week 9, reflected by an 
increased growth velocity in restricted rats until week 8 and no difference in growth 
velocity after week 8 (Remmers et al., 2008).

the relative body weight of pmch+/+ and pmch-/- rats started to divert during 
postnatal week 3, when the pups start to feed at their own, and stabilized around 
postnatal week 8 for the remainder of the study. increased oxygen consumption has 
been shown for 20-week-old mice with a loss of Pmch and 17-week-old transgenic 
mice with a severe loss of mch neurons (shimada et al., 1998; alon and Friedman, 
2006). it is however important to note that in both situations data were normalized 
for body weight. as it is unknown if the metabolic activity of white adipose tissue 
(Wat) is altered in pmch-/- rats, and has been demonstrated that Wat has a minimal 
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contribution to ee (even et al., 2001), we chose to show ee not normalized, normalized 
for lean mass, and normalized for body weight. ee data normalized for body weight 
showed increased or a trend towards increased ee levels in pmch-/- rats compared 
to pmch+/+ rats, which is in line with findings that oxygen consumption levels are 
increased in mch-/- mice if normalized for body weight (shimada et al., 1998; alon and 
Friedman, 2006). however, ee not normalized or ee normalized for lean mass showed 
decreased or a trend towards decreased levels in pmch-/- rats compared to pmch+/+ 
rats. therefore, the higher amount of non-metabolically active Wat in pmch+/+ rats 
might be a confounding factor underlying the calculation of ee, and normalization for 
body weight can result in incorrect conclusions. 

the energetic ratio, calculated by correcting ee values for the amount of 
metabolisable energy, i.e. the energy absorbed by the rat, showed an increased trend 
at Pnd 40, but did not differ at Pnd 120. these data explain why young pmch-/- rats 
(< Pnd 55) increase their body weight at a slower pace compared to pmch+/+ rats, 
whereas older pmch-/- rats increase their body weight at a similar pace compared to 
pmch+/+ rats. We therefore conclude that loss of Pmch decreases rather than increases 
ee in the rat, and that the change in ee is secondary to the change in caloric intake. 
this hypothesis is strengthened by our observations that body weight loss is equal 
between genotypes during 48hr starvation and that pmch-/- rats show a refeeding 
deficit compared to pmch+/+ rats during 72hr refeeding. the lower absolute ee values 
might be related to the lower caloric intake due to a lower thermic effect of food (even 
et al., 1994). 

basal locomotor activity did not differ between genotypes at various ages (Pnd 
40 or 120, week 10/11 or 19), with various diets (m, shP, or hF), and with different 
techniques (metabolic cage or Phenotyper®). this indicates that physical activity does 
not contribute to the lean phenotype of Pmch-deficient rats, and supports the idea that 
loss of Pmch primarily results in a decrease of caloric intake. interestingly, the mchr1 
knockout mice show hyperphagia and an increased physical activity (chen et al., 2002; 
marsh et al., 2002). although loss of Pmch or mchr1 both produces a lean phenotype, 
the aberrant behavior resulting in leanness is different (i.e. normal activity versus 
hyperactivity, and hypophagia versus hyperphagia), and no explaining mechanisms 
have been proposed to date. 

hypothalamic Pmch mRna expression increases slowly during early development, 
increasing more rapidly after weaning, and stabilizes in 8-week-old rats (Presse et al., 
1992). Pmch is also expressed in sertoli cells in rat testis where expression increased 
strongly between Pnd 15 and adulthood (hervieu and nahon, 1995). Relative 
hypothalamic Pmch expression was almost undetectable in pmch-/- rats at Pnd 40 and 
Pnd 100 compared to pmch+/+ rats, confirming our northern blot analysis. Relative 
mchr1 expression did not differ between genotypes at Pnd 40, while being decreased 
at Pnd 100 compared to pmch+/+ rats, suggesting a feedback system affecting mchr1 
expression during adulthood. Relative Fto expression in pmch-/- rats was decreased at 
Pnd 40 and increased at Pnd 100 compared to pmch+/+ rats, while relative expression 
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of Pomc and hcrt was normal at Pnd 40, but was decreased and increased, respectively, 
in pmch-/- rats compared to pmch+/+ rats at Pnd 100. the expression profiles of npy 
and Agrp in adult rats confirm findings in adult mice, however the expression profiles of 
Pomc and hcrt either partially agree or disagree with findings in adult mice (shimada et 
al., 1998; alon and Friedman, 2006). in sum, the time-related differences in expression 
profiles and a likely interaction between Pmch and the orexigenic and anorectic 
systems studied here could offer an explanation to the sudden stabilization of relative 
body weight but remain to be studied in more detail. 

the stabilization of relative body weight during the end of puberty suggested 
a functional interaction between Pmch and gonadal steroids, such as testosterone. 
however, free testosterone levels on Pnd 40 did not differ between genotypes and 
orchiectomy during postnatal week 5 lowered the body weight of orchiectomized rats 
compared to sham-operated rats within genotypes, but did not affect the observed 
stabilization in relative body weight between pmch+/+ and pmch-/- rats around week 
8. this indicates that testosterone affects the energy balance but is not essential to 
induce the observed stabilization of relative body weight. moreover, free testosterone 
levels were decreased in pmch-/- rats on Pnd 120, suggesting that the decreased 
energy balance level influenced free testosterone levels. 

the osteoporotic phenotype in pmch-/- rats was already observed at Pnd 40 
and confirms the finding that mchR1 knockout mice develop high bone turnover 
osteoporosis (bohlooly et al., 2004). energy-restriction is known to decrease bone mass 
density in adult rats (mardon et al., 2008), indicating that the decreased energy balance 
in pmch-/- rats could result in osteoporosis. hypogonadism is another known inducer 
of osteoporosis (Francis et al., 1986; stepan et al., 1989). however, pmch-/- rats were 
already osteoporotic while serum free testosterone levels were indifferent compared 
to pmch+/+ rats at Pnd 40, suggesting that loss of mch signaling leads to osteoporosis 
independently of androgen deficiency.

the body weight of adult humans is normally relatively stable, with only a very 
small variance over a long period of time (Khosla and billewicz, 1964; Robinson and 
Watson, 1965). classic studies in rodents have shown that stable body weights are 
actively maintained when animals receive caloric restriction or when the rat’s body 
weight is experimentally elevated; animals quickly restored their body weight to the 
level appropriate for their age and gender when returned to standard conditions 
(steffens, 1975). in humans, dieting strategies combining energy restriction and 
physical activity have shown moderate success for the reduction of body weight (hill 
et al., 1987; hammer et al., 1989). however, many individuals who have lost weight 
using a dieting strategy will regain a large proportion or all of the weight lost within 
5 years from the end of the treatment (van dale et al., 1990; brownell and Wadden, 
1992; Foreyt and goodrick, 1993), although low-fat intake in combination with high 
activity can successfully slow the regain of weight (Wing and hill, 2001; leser et al., 
2002). even though ‘short-term’ (≤ 4 weeks) mch1R-antagonism studies are successful 
in decreasing body weight in adult rats and mice (mashiko et al., 2005; Palani et al., 
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2005; handlon and Zhou, 2006; luthin, 2007), it would be very interesting to see if 
‘long-term’ (> 4 weeks) mch1R antagonism can chronically alter the energy balance of 
adult animals successfully. because our data indicate that loss of Pmch can lower the 
energy balance, and that Pmch expression is important during early development and 
puberty, it would be even more interesting to study the effect of mch1R-antagonism 
on the determination of the energy balance in young animals. 
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supplemental materIal and methods
Immunohistochemistry. Rats were anaesthetized by intraperitoneal administration of sodium 
pentobarbital (120 mg/kg), and transcardially perfused with 50 ml 0.9% sodium chloride (nacl) 
in distilled water, followed by 300 ml 4% paraformaldehyde in 0.1 m sodium phosphate-buffered 
saline (Pbs; ph 7.3). brains were removed and postfixed in the same fixative, for 16 hrs at 4°c. 
coronal vibratome (leica, nussloch, germany) sections (50 mm) were rinsed in Pbs and in 0.3% 
h2o2 in Pbs. subsequently, sections were pretreated with Pbs containing 0.1% bovine serum 
albumin (bsa) and 0.3% triton-X-100 for 30 min, and then incubated with rat anti-mch, anti-nge 
and anti-nei serum for 16 hrs (all 1:20000; kindly provided by P.y Risold, Faculté de médicine et 
de Pharmacie, besançon, France; information on antibody specificity is provided in (Risold et al., 
1992). after rinsing, sections were incubated in donkey-anti-rabbit (1:1500, Vector laboratories, 
burlingame, canada) for 90 min, rinsed, and incubated with an avidin-biotin complex (abc; 
Vector abc elite, Vector laboratories, burlingame, ca, usa) for 90 min. after abc incubation and 
rinsing, sections were treated with 0.025% 3’3’-diaminobenzidine (dab) containing 0.15% nickel 
ammonium sulphate for 10 min. subsequently the immunostaining was developed by treating the 
sections with the former solution containing 0.00015% h2o2, for 10 min, and rinsed. serial sections 
were mounted on gelatine-coated slides, dehydrated and coverslipped with entellan®.

Hyperinsulinemic-euglycemic clamp. Rats received a jugular vein catheter and a carotid catheter 
(as described in the jugular vein catheter placement section) and were allowed to recover for 7 
days during which they were handled to minimize stress. Rats received standard fed diet (shP) 
and water ad libitum. body-weight matched rats (11-15 weeks of age; n = 6 per group) were fasted 
starting at the beginning of the light period (0600) until the start of the experiment (1100; 5 hr fast). 
a tracer dilution technique that measures the enrichment (tracer:tracee ratio) of [6,6-d2] glucose 
(cambridge isotope laboratories, cambridge, usa) was applied to calculate the basal glucose 
turnover as well as hepatic insulin and whole body insulin sensitivity during hyperinsulinemic-
euglycemic clamp. the clamp study consisted of a basal equilibration period (t = 0 – t = 100), and 
a hyperinsulinemic-euglycemic clamp period (t = 110 – t = 250). after a primed (8.0 μmol in 5 min)-
continuous (16.6 μmol/h) [6,6-d2] glucose intravenous infusion, carotid artery blood samples were 
taken at t = 90, t = 95 and t = 100 for determining enrichment during the equilibration state. after 
the last equilibration blood sample, insulin was administered in a primed (7.2 mu/kg/min, 4 min)-
continuous intravenous infusion. a variable infusion of a 25% glucose solution (containing 2.35% 
[6,6-d2] glucose) through the jugular vein catheter was used to maintain euglycemia (5.5 ± 0.2 
mmol/l), as determined by 10 min carotid catheter blood sampling and a glucometer (Freestyle, 
therasense, disetronic medical systems bV, Vianen, the netherlands). at the end of the clamp, 
five blood samples were taken with a 10 min interval from t = 210 to t = 250. blood samples 
were immediately chilled on ice in tubes containing a 5μl heparin solution and centrifuged 
at 4°c. Plasma was then stored at -20°c until analysis. Plasma glucose concentrations were 
determined using a glucose/glucose oxidase-perid method (boehringer mannheim, mannheim, 
germany). Plasma insulin concentrations were measured using radioimmunoassay kits (linco 
Research, st. charles, mo, usa and icn biomedicals, costa mesa, ca, usa, respectively). Plasma 
[6,6-d2] glucose enrichment was measured by gas chromatography-mass spectrometry (gcms) 
(ackermans et al., 2001).

Naso-anal length. naso-anal length was measured at 6 and 13 weeks of age by gentle fixation.

Blood analysis. blood samples (0.3 ml) were obtained at 24:00, 04:00, 08:00, 12:00, 16:00, and 
20:00. blood was collected in edta tubes (bd Vacutainer tubes, Plymouth, united Kingdom) 
containing 20µl aprotinin (sigma-aldrich, Zwijndrecht, the netherlands). samples were collected 
on ice and instantly centrifuged at 2150 rcf for 15’ at 4°c. samples were then aliquoted and stored 
at -80°c until analysis. Plasma leptin levels were determined in duplo using a leptin elisa (eZRl-
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83K, linco Research, st. charles, missouri, usa) according to the manufacturer’s instructions. 
the assay sensitivity limit was 0.04 ng/ml. the intra- and interassay coefficients of variation were 
2.17 and 3.40%, respectively. Plasma insulin levels were determined in duplo using an insulin 
elisa (eZRmi-13K, linco Research, st. charles, missouri, usa) according to the manufacturer’s 
instructions. the assay sensitivity limit was 0.2 ng/ml. the intra- and interassay coefficients of 
variation were 1.91 and 7.63%, respectively. Plasma glucose levels were determined in duplo using 
an onetouch® ultrameter® (lifescan benelux, beerse, belgium) according to the manufacturer’s 
instructions. Plasma corticosterone levels were determined in duplo using a corticosterone eia 
(dsl deutschland gmbh – benelux, assendelft, nl) according to the manufacturer’s instructions. 
the assay sensitivity limit was 1.6 ng/ml. the intra- and interassay coefficients of variation were 
3.23 and 4.77%, respectively. 

IVITT and IVGTT measurements. intravenous insulin tolerance tests (iVitt) were performed 7 
days after longitudinal blood samples were obtained. Rats were fasted for 3 hrs and subsequently 
injected in the early afternoon with bovine insulin (0.5 iu/kg body weight, sigma, Zwijndrecht, 
nl) as a bolus via the jugular vein catheter. First, a blood sample (0.2 ml) was collected (t = 
0), immediately followed by the insulin injection, and subsequent blood samples (0.2 ml) were 
collected at t = 5, 10, 20, 30, 60, and 90 min. Plasma glucose levels were determined in duplo 
using an onetouch® ultrameter® (lifescan benelux, beerse, be) according to the manufacturer’s 
instructions. intravenous glucose tolerance tests (iVgtt) were performed 4 days after the iVitt 
studies. Rats were fasted for 3 hrs and subsequently injected in the early afternoon with d(+)-
glucose monohydrate (0.5 ml, 500 mg/kg body weight, J.t. baker, deventer, nl) as a bolus via 
the jugular vein catheter. the same procedure as for the iVitt studies was used. Plasma glucose 
levels were determined in duplo using an onetouch® ultrameter® (lifescan benelux, beerse, be) 
according to the manufacturer’s instructions. unfortunately, not enough rats on m diet with a 
functional catheter remained to perform an iVgtt. 

Basal physical activity. basal physical activity of pmch+/+ and pmch-/- rats was measured at 11 
weeks of age (m, shP diet) and 10 or 19 weeks of age (hF diet) using the Phenotyper® home-cage 
monitoring system (noldus information technology bV, Wageningen, nl). Rats were allowed to 
adjust to the room for 4 hours before measurements were started. all experiments started in the 
early afternoon and basal physical activity was measured during 72 hr. standard fed diet (shP) and 
water was available ad libitum. data was analyzed using ethovision® software (noldus information 
technology bV, Wageningen, nl) in combination with in-house developed software. 

Body core temperature. adult pmch+/+ and pmch-/- rats were anaesthetized with isoflurane and 
equipped with a temperature-sensitive radio-transmitter (PhysiolinQ®, telemetronics biometry 
bV, lelystad, nl) in the peritoneal cavity. after surgery, the rats were individually housed in 
test cages and allowed to recover for 5 days before measurements were started. the cages 
were placed on base plates connected to a receiver, which was connected to a Pc-based data 
acquisition and analysis system (linQcontrol®, telemetronics biometry bV, lelystad, nl). the 
system demodulated the signals and converted the raw telemetry data into degrees celsius, and 
was configured to measure temperature every minute on a 24-hr basis. a total of seven days were 
measured per animal. standard fed diet (shP) and water was available ad libitum.

Body weight growth. the weekly body weight growth was expressed as the percentage body 
weight growth normalized to the body weight at the start of the experiment (Pnd 19). the body 
weight on Pnd 19 was 34.32 g (Pmch+/+; m diet), 33.16 g (Pmch-/-; m diet), 30.36 g (Pmch+/+; shP 
diet), 28.61 g (Pmch-/-; shP diet), 31.44 g (Pmch+/+; hF diet), and 30.40 g (Pmch-/-; hF diet). this 
means that a hypothetical growth of 100% by pmch+/+ rats on an m diet during a week indicates 
that the rats grew 34.32 g in body weight during that week. 
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Growth per calories. the growth per calories was expressed as the percentage body weight 
growth during 1 week per 100 calories intake, normalized to the body weight at the start of the 
week when the measurement was done. analysis was performed on week 7 and week 14. this 
means that a hypothetical growth of 4.7% by pmch+/+ rats on an m diet (average weight 181g at 
the start of week 7) during week 7 indicates that the rats grew 8.51g in body weight during that 
week per 100 calories intake. 

Hypothalamic mRNA expression. Rats were sacrificed at Pnd 40 and 100 during the early 
afternoon. the hypothalamus was rapidly dissected and snap-frozen in liquid nitrogen. total Rna 
was isolated using a trizol method and Rna quantity and quality was assessed using a nanodrop® 
nd-1000 spectrophotometer (thermo-scientific, Wilmington, de, usa). cdna was synthesized 
from 2.5µg of total Rna using a Retroscript® kit (applied biosystems, nieuwerkerk a/d ijssel, nl) 
as described by the manufacturer, and diluted in mQ (1:8). gene expression was quantified with 
a 7900 ht Real-time PcR machine (abi Prism®). Primers for cyclophilin, Pmch, mchr1, Pomc, 
cartpt, npy, Agrp, hcrt, and Fto were designed using scitools PrimerQuest (idt; primers shown 
in supplementary table 1). Primers were optimized to amplify cdna but not genomic dna and 
to generate a single PcR product. PcR efficiency was between 80% and 120%. in general, 2µl 
template, 10µm primers, and 5µl sybRgreen mix (applied biosystems) was used in a 10µl PcR 
reaction. thermocycler conditions comprised an initial holding stage at 50°c for 2 min followed 
by 95°c for 3 min followed by a PcR program consisting of 95°c for 30 sec and 60°c for 30 sec for 
40 cycles. samples were run in triplicates. to control for input, cyclophilin was run on the same 
plate and used as a control gene. calculations were performed by a comparative method (2.0-

∆∆ct), taking the efficiency of the PcR into account (1.8-2.2). all experiments were repeated after a 
new cdna synthesis reaction. average pmch-/- rat gene expression from the two experiments is 
expressed as a percentage of average pmch+/+ gene expression.

Orchiectomy and free testosterone levels. testis and epididymides were removed during 
postnatal week 5 under anesthesia with isoflurane. sham-operated rats were anaesthetized with 
isoflurane, after which a small incision was made and closed again. body weight of operated and 
sham-operated rats was monitored until 16 weeks of age. at 16 weeks of age, rats were sacrificed 
by decapitation and blood was isolated. blood samples were allowed to clot at room temperature 
and centrifuged at 2150 rcf for 15’ at 4°c. serum samples were then aliquoted and stored at 
-20°c until analysis. untreated pmch+/+ and pmch-/- rats were sacrificed around Pnd 40, and serum 
samples were isolated as mentioned above. serum free testosterone levels were determined 
in quattro using a Free testosterone Ria (dsl deutschland gmbh – benelux, assendelft, nl) 
according to the manufacturers instructions. the assay sensitivity limit was 0.18 pg/ml. the intra- 
and interassay coefficients of variation were 5.03 and 8.30%, respectively. if serum free testosterone 
levels were below detection levels, 0.18 pg/ml was taken as data value.
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supplemental fIGures and taBles

Table S1. Forward and reverse primer sequences for qPcR analysis of hypothalamic gene 
expression

Gene Forward primer Reverse Primer

cyclophilin acttcatgatccagggtggagact aagttctcatctgggaagcgctca

Pmch tcggttgttgctccttctctggaa tggagcctgtgttctttgtggtct

mchr1 tccgatggccaggataatctcaca agatggtaccaaacacggaaggca

Pomc tccatagacgtgtggagctggt ttcatctccgttgcctggaaacac

cart tggacatctactctgccgtggat ttcctgcagcgcttcaatctgcaa

npy agaggacatggccagatactactc aatcagtgtctcagggctggatct

AgRP tcccagagttctcaggtgagtatggt tctgccaaagcttctgccttct

hcrt tttggaccactgcaccgaagatac cccagggaacctttgtagaaggaa

Fto accatgacgagaacttggtggaca agctggactcgtcatcgctttcat
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Fig. S1. Pmch knockout rats show a decreased nutrient intake during light and dark phase 
on three different diets. A: Pmch-/- rats ingested fewer calories compared to pmch+/+ rats (m: 
-26% and -21%, 8 and 17 weeks of age, respectively; shP: -24% and -17%, 8 and 17 weeks of 
age, respectively; hF: -22% and -15%, 8 and 17 weeks of age, respectively). B: the hypophagic 
character of pmch-/- rats fades at a younger age, and disappears during adulthood when data are 
normalized for body weight (m: -6% and +0%, 8 and 17 weeks of age, respectively; shP: -3% and 
+5%, 8 and 17 weeks of age, respectively; hF: -2% and +2%, 8 and 17 weeks of age, respectively). 
c: caloric intake is decreased in 8-week and 17-week-old pmch-/- rats on three diets (m, shP, and 
hF) during both light (l) and dark phase (d). D: the hypophagic character of pmch-/- rats fades 
when data are normalized for body weight, except for caloric intake in 8-week-old pmch-/- rats on 
m or shP diet during the dark phase. *P < 0.05 by students’ t-test. data are expressed as means 
± s.e.m. (n = 10-16 per group).

Fig. S2. Pmch knockout rats have a decreased 
body length. Pmch-/- rats showed a decreased 
body length compared to pmch+/+ rats on three 
different diets (m, shP, and hF) at a different age 
(m, shP: 6 and 13 weeks; hF: 12 weeks). Relative 
body length was 94.2% (m) and 94.9% (shP) at 6 
weeks of age, and 93.8% (m), 94.2% (shP), and 
95.4% (hF) at 12/13 weeks of age. *P < 0.05 by 
students’ t-test. data are expressed as means ± 
s.e.m. (n = 10-16 per group).

A B

C D



Pm
c

h
 e

X
PR

e
ssio

n
 d

u
R

in
g

 e
a

R
ly d

e
V

e
lo

Pm
e

n
t

2 

71

Fig. S3. Pmch knockout rats show no change in whole-body insulin sensitivity. A: no difference 
in whole-body insulin sensitivity is observed between 23-week-old pmch+/+ and pmch-/- rats on 
m, shP, or hF diet (F(1, 14) = 0.03, P = 0.86; F(1, 15) = 0.9, P = 0.37; F(1, 7) = 0.02, P = 0.90; respectively) 
during an iVitt (n = 4-9 per group). B: Pmch-/- rats on shP diet showed a trend towards slower 
glucose removal during an iVgtt compared to pmch+/+ rats (F(1, 5) = 3.7, P = 0.11), while glucose 
removal in pmch-/- rats on hF diet was delayed (F(1, 7) = 20.9, P < 0.05). n.a. = data not available. 
data are expressed as means ± s.e.m. (n = 3-5 per group). 

Fig. S4. Pmch knockout rats show no change in basal 
locomotor activity or body core temperature. a: 
Physical activity on three different diets (m and shP: 11 
weeks of age; hF: 10 and 19 weeks of age) measured 
during 72 hr was equal between genotypes (n = 7-8 
per group). B: no statistical difference was found in 
body core temperature, depicted as average body 
core temperature, between adult pmch+/+ and pmch-/- 
rats on shP diet during 24 hr (F(1, 15) = 0.3, P = 0.60), or 
during the night phase (F(1, 15) = 0.8, P = 0.40; n = 7-10 
per group). measurement is average of 6 days. data are 
expressed as means ± s.e.m. the black bar in panel B 
indicates dark phase.
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Fig. S5. Weekly growth rate and growth per calories during early development and puberty. A: 
the weekly body weight growth is decreased in pmch-/- rats on m diet during the first 8 postnatal 
weeks. after week 8, the difference in weekly body weight growth between genotypes fades. the 
same effect is observed for pmch-/- rats on shP diet (B) or hF diet (c). D: growth per calories (% 
body weight gained during 1 week/100 calories) in 7-week-old rats on m-, shP-, or hF diet. E: 
growth per calories (% body weight gained during 1 week/100 calories) in 14-week-old rats on m, 
shP, or hF diet. *P < 0.05 by students’ t-test. data are expressed as means ± s.e.m. (n = 10-16 
per group). 
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Fig. S6. Caloric restriction analysis. A: body weight reduction was equal between 19-week-old 
pmch+/+ and pmch-/- rats during 48hr starvation. B: Pmch-/- rats showed an increased trend in body 
weight reduction compared to pmch+/+ rats when data is expressed as a percentage of the body 
weight at the start of the starvation (P = 0.06 by students’ t-test). c: body weight regain during 
72hr refeeding on shP diet showed a decreased trend in pmch-/- rats compared to pmch+/+ rats 
(P = 0.11 by students’ t-test). D: body weight regain was equal between genotypes when data is 
expressed as a percentage of the body weight at the start of the refeeding. E: no difference in 
energy expenditure is observed between genotypes during the 48hr starvation. F: average caloric 
intake per day was lower in pmch-/- rats compared to pmch+/+ rats during 72hr refeeding (*P < 0.05 
by students’ t-test). data are expressed as means ± s.e.m. (n = 8-6 per group).
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Fig. S7. Testosterone is not critical to induce relative body weight stabilization. A: orchiectomy 
during postnatal week 5 (indicated by the arrowhead) decreased the body weight of pmch+/+ rats 
compared to sham-operated pmch+/+ rats (F (1, 16) = 12.3, P < 0.005; n = 8-10 per group). orchi-
ectomy also lowered the body weight of pmch-/- rats (F (1, 21) = 7.8, P < 0.05; n = 9-14 per group) 
compared to sham-operated pmch-/- rats. orchiectomized rats started showing a reduced body 
weight per individual measurement after 49 days of age (Pmch+/+; P < 0.05 by students’ t-test) 
or 60 days of age (Pmch-/-; P < 0.05 by students’ t-test). at 16 weeks of age, the body weight of 
orchiectomized pmch+/+ rats is 81% compared to the body weight of sham-operated pmch+/+ 
rats. during the same week, the body weight of orchiectomized pmch-/- rats is 87% compared to 
the body weight of sham-operated pmch-/- rats. B: the relative body weight of orchiectomized 
pmch+/+ rats showed no clear stabilization around week 8 compared to sham-operated pmch+/+ 
rats (n = 8-10 per group). c: the relative body weight of orchiectomized pmch-/- rats showed no 
clear stabilization around week 8 compared to sham-operated pmch-/- rats (n = 9-14 per group). 
D: the relative body weight of sham-operated pmch-/- rats showed a stabilization of relative 
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body weight around week 8 compared to sham-operated pmch+/+ rats (n = 8-9 per group). E: 
the relative body weight of orchiectomized pmch-/- rats showed a stabilization of relative body 
weight around week 8 compared orchiectomized pmch+/+ rats (n = 10-14 per group). F: serum 
free testosterone levels did not differ between pmch+/+ and pmch-/- rats on Pnd 40 (n = 14 per 
group) or Pnd 60 (n = 8-10 per group), but were decreased on Pnd 120 in pmch-/- rats compared 
to pmch+/+ rats (P < 0.05 by students’ t-test n = 8 per group). serum free testosterone levels were 
undetectable in orchiectomized pmch+/+ and pmch-/- rats on Pnd 120 (n = 10-14 per group). data 
are expressed as means ± s.e.m.

Fig. S8. Pmch knockout rats develop os-
teoporosis. Pmch-/- rats showed a decreased 
bone-mass density compared to pmch+/+ rats 
at Pnd 40 and 120 (P < 0.05 by students’ 
t-test; n = 7-8 per group). data are expressed 
as means ± s.e.m.
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aBstraCt
the nucleus accumbens and the lateral hypothalamic area form a hypothalamic-limbic 
neuropeptide feeding circuit mediated by melanin-concentrating hormone (mch). 
mch promotes feeding behavior via mch receptor-1 (mch1R) in the accumbens 
shell subregion (acbsh), although this relationship has not been fully characterized. 
given the acbsh mediates the reinforcing properties of food and drugs of abuse, 
we hypothesized that mch may modulate motivational aspects of these behaviors. 
Functional loss of the rat mch-precursor Pmch reduced meal size and highly palatable 
food-reinforced operant responding, while it increased cocaine-reinforced operant 
responding. to our best knowledge, this is the first rat model that shows this clear 
motivational uncoupling. Pmch-/- rats showed increased ex vivo electrically evoked 
dopamine (da) release, although basal and cocaine-evoked da levels measured 
using in vivo microdialysis did not differ between genotypes. Pmch-/- rats also showed 
adaptations in genes related to presynaptic dopaminergic release capacity. Finally, 
pmch-/- rats showed increased postsynaptic da-pathway signaling sensitivity in the 
acbsh after a cocaine stimulus. in sum, loss of Pmch had presynaptic and postsynaptic 
effects on the striatal da system. our findings support the mch-mch1R system as 
a mediator of both natural and drug rewards, reinforcing this system as a target for 
treatment of obesity and drug abuse. also, we propose that mch signaling positively 
mediates motivation for food, thus providing a crucial signal with which hypothalamic 
neural circuits controlling energy balance guide frontal brain areas to shift motivation 
towards food. Without mch signaling, motivation away from food prevails.
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IntroduCtIon
the melanin-concentrating hormone (mch) precursor (Pmch) is predominantly 
expressed in neurons of the lateral hypothalamic area (lha) and the incerto 
hypothalamic area (sometimes referred to as zona incerta), which project throughout 
the brain (bittencourt et al., 1992; sita et al., 2007). Pmch processing generates glycine-
glutamic acid (n-ge), glutamic acid-isoleucine (n-ei), and mch (nahon et al., 1989). 
mch affects energy homeostasis positively; Pmch mRna is upregulated after fasting 
(Qu et al., 1996; silva et al., 2009), Pmch-deficient rats or mice show leanness and a 
reduced appetite (shimada et al., 1998; alon and Friedman, 2006; mul et al., 2010), 
while Pmch overexpression results in obesity and an increased appetite (ludwig et al., 
2001). in addition, central injection of mch increases caloric intake (Qu et al., 1996; 
Rossi et al., 1997; della-Zuana et al., 2002; abbott et al., 2003; gomori et al., 2003; ito 
et al., 2003; georgescu et al., 2005; guesdon et al., 2009). 

in rodents mch binds to mch receptor-1 (mch1R), which is present at high levels in 
limbic regions (chambers et al., 1999; lembo et al., 1999; saito et al., 1999; hervieu et 
al., 2000). moreover, the accumbens shell subregion (acbsh) modulates the orexigenic 
action of mch (georgescu et al., 2005). mch1R knockout mice are lean (chen et al., 
2002; marsh et al., 2002), and blockade of mch1R lowers body weight and caloric 
intake through several mechanisms (ito et al., 2009). moreover, impaired mch-mch1R 
signaling results in a dysregulated mesolimbic dopamine (da) system (smith et al., 
2005; Pissios et al., 2008). mch1r is expressed in medium spiny neurons (msns) of the 
acbsh, coexpressed with d1R and d2R da receptors, and activation of mch1R reduces 
msn excitability (Robert sears unpublished data; georgescu et al., 2005; chung et 
al., 2009). mch1R signals via multiple g-proteins, including gi/o (bachner et al., 1999; 
hawes et al., 2000; gao and van den Pol, 2001; Pissios et al., 2003), thus potentially 
affecting phosphorylation sensitivity of several phosphoproteins via striatal neuron 
protein kinase cascades (greengard, 2001). amPa-type glutamate receptor (amPaR) 
modulation in the acbsh affects feeding and brain reward (maldonado-irizarry et al., 
1995; stratford et al., 1998; todtenkopf et al., 2006), and mch administration affects 
amPaR-subunit gluR1 phosphorylation induced by a d1R agonist (georgescu et al., 
2005). 

these findings link the hypothalamic mch feeding-stimulatory circuit with the 
mesolimbic da system that influences behavioral responses to addictive stimuli 
including food and drugs of abuse. in rats, acute mch1R-antagonism effects on food-
reward and cocaine-reward behavior have been studied (chung et al., 2009; nair et 
al., 2009). taking advantage of the strong cognitive performance of rats (snyder et 
al., 2009) and relatively large size, we investigated meal patterns during development 
and reward-related behavior in the recently characterized Pmch-deficient (pmch-/-) rats 
(mul et al., 2010), using an array of behavioral and biochemical assays. as described 
below, loss of mch-mch1R signaling in the rat affected da-signaling in the acbsh, 
and uncoupled operant responding for highly palatable food and cocaine.
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materIal & methods
Animals. the animal care committee of the Royal dutch academy of science and the Free 
university of amsterdam approved all experiments according to the dutch legal ethical 
guidelines. Pmch+/+ and pmch-/- rats, on a Wistar background (mul et al., 2010), were socially 
housed (2 per cage) unless noted otherwise in a temperature- and humidity-controlled room (21 
± 2ºc and 60% relative humidity) under a 12-h light-dark cycle (lights on at 06.00 h) with standard 
fed diet (semi-high-protein: Rm3, 27% crude protein and 12% fat, 3.33kcal/g aFe, sds, Witham, 
united Kingdom) and water available ad libitum unless noted otherwise. Rats used for the self-
administration experiments were under a reversed 12-h light-dark cycle with diet (teklan global 
2016, 16.3% crude protein and 4.2% fat, 3.2kcal/g aFe, harlan, horst, the netherlands) and water 
available ad libitum. only male rats were used in the present study. 

Genotyping. Rats were genotyped using the KasPar snP genotyping system (Kbiosciences, 
hoddesdon, uK) as described before (mul et al., 2010). Rats were genotyped at three weeks of 
age and genotypes were reconfirmed after experimental procedures were completed.

Meal Pattern Analysis. Rats were placed individually into monitoring cages, and allowed to 
acclimatize for 2 days. body weight, food and water intake were measured daily. Water and diet 
(Rm3, 27% crude protein and 12% fat, 3.33kcal/g aFe, sds, Witham, united Kingdom) were 
available ad-libitum. meal patterns were determined from 2 consecutive days in each experimental 
time point using data collected by scales (department biomedical engineering, umc utrecht, the 
netherlands). this program records the weight of food hoppers in the home cage automatically 
every 12 seconds, as well as the amount of licks from water bottles. a meal was defined as an 
episode of food intake with a minimal consumption of 1 kilocalorie (0.3 g of chow) and a minimal 
intermeal interval of 5 minutes. Parameters (total food intake, total meal duration, average meal 
duration, meal frequency, average meal size, rate of eating, average intermeal interval and satiety 
ratio) were measured at postnatal day (Pnds) 40, 58, 70, 84, and 98. if not in the monitoring cages, 
rats were housed together (2 per cage) in their home cage. the intermeal interval was defined as 
the interval between two meals. Rates of eating were calculated by dividing the average meal size 
by the average duration of a meal. Finally, the satiety ratio, an index of the noneating (i.e., satiety) 
time produced by each gram of food consumed, was calculated as the average intermeal interval 
divided by the average meal size (Zorrilla et al., 2005). 

Acute Hyperphagia Assay. adult rats (≥12 weeks old) were housed individually and after 3 days of 
acclimatizing, food intake was measured for 5 consecutive days. on day 6, rats received hF diet 
(45%-aFe, 20% crude protein and 45% fat, 4.54kcal/g aFe, sds, Witham, united Kingdom) for 4 
consecutive days. to measure acute hypophagia, rats were grown up on an hF diet after weaning, 
and were presented with standard shP diet at adult age (≥12 weeks old) with the same set-up as 
described above. 

Drugs. cocaine hcl (o.P.g., utrecht, the netherlands) and yohimbine hcl (sigma-aldrich, 
Zwijndrecht, the netherlands) were dissolved in sterile saline solution (nacl, 0.9%). 

Food Self-Administration. the food self-administration experiments were conducted in standard, 
ventilated, and sound-attenuating operant conditioning test chambers (med associates inc.). the 
chambers were fitted with a dim red house light and two small levers separated 15 cm from each 
other. Water was available ad-libitum. a pellet receptacle was placed in between the levers. one 
lever was designated as ‘active’; lever pressing on this lever resulted in the delivery of one pellet 
(dustless Precision pellets®, 45 mg, 10.9% crude protein, 45% fat, and 33.9% carbohydrates; 4.84% 
kcal/g aFe; bio-serv, usa). at the same time a cue light above the active lever was turned on for 5 
sec and 6 sound clicks were produced during 3 sec (compound cue). lever presses on the inactive 
lever were monitored, but were without consequences. a 15-s time-out period immediately 
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followed each pellet delivery during which lever pressing was without consequences. a computer 
interfaced to the chambers was used for equipment operation and data collection. med Pc iV 
software (med associates inc.) was used to analyze data.

Acquisition (FR1) and progressive ratio (PR) schedules. adult (≥12 weeks old) pmch+/+ rats 
weighing between 330-350 g and pmch-/- rats weighing between 280-300g at the beginning of 
the experiment were used. body weight and food intake was measured daily during the course of 
the study. acquisition phase sessions (3 hr duration, with cues: cue light on for 5 s, 6 sound clicks 
during 3 s) commenced after 7 days of acclimation to the animal facility and were performed 
between 1000-1300 h. Rats were allowed to self-administer pellets during 12 daily sessions on 
an intermittent (1 day) fixed ratio 1 (FR1) schedule of reinforcement. after the FR1 schedule, rats 
were allowed to self-administer pellets on a progressive ratio (PR) schedule during 4 intermittent 
(1 day) sessions (3 hr duration, with cues: cue light on for 5 s, 6 sound clicks during 3 s). the 
successive increase in number of lever presses required to obtain a pellet delivery was calculated 
by the following equation: Response ratio = (5^(0.2*reward number))-5, rounded to the nearest integer 
(Richardson and Roberts, 1996). this equation produced the following sequence of required lever 
presses: 1, 2, 4, 6, 9, 12, 15, 20, 35, 40, 50, 62, 77 etcetera. the final ratio attained was defined as 
the animal’s breakpoint. PR data are also shown as the mean of last 3 PR sessions.

Extinction phases and reinstatement. after the PR sessions, rats were allowed to self-administer 
pellets at an FR1 schedule for 4 intermittent (1 day) sessions (3 hr duration, with cues: cue light on 
for 5 s, 6 sound clicks during 3 s). Rats then entered an extinction phase of 22 consecutive daily 
sessions (1 hr duration, no reward, no cues). after all rats showed stable extinction values (<10 
active responses, 5 consecutive sessions), rats were tested for cue-induced relapse (1 hr duration, 
no reward, 1 cue series at start of session and the ability to respond for the compound cue on 
an FR1 schedule). Rats then entered an extinction phase of 9 consecutive daily sessions during 
which responding for the cues was extinguished (1 hr duration, no reward, with cues). after all rats 
showed stable extinction values (<10 active responses, 5 consecutive sessions), rats were tested for 
pellet-induced relapse (1 hr duration, no reward, 1 pellet at start of session, with cues). Following 
14 additional extinction sessions rats were tested for yohimbine-induced (a2-andrenergic receptor 
antagonist; pharmacological stressor) relapse (1 hr duration, no reward, yohimbine (2 mg/kg, 1 ml/
kg, intraperitoneal; 30 min prior to start of session, with cues).

Cocaine Self-Administration. cocaine self-administration experiments were conducted in 
standard, ventilated, and sound-attenuating operant conditioning test chambers (med associates 
inc.) as described previously (de Vries et al., 2001). the chambers were fitted with a dim red 
house light and two small nose-poke holes (2.5 cm i.d.) separated 15 cm from each other. one 
hole was designated as ‘active’; nose poking in this hole resulted in the delivery of 42.52 µl of the 
drug solution over a period of 2 s. at the same time a yellow cue light inside the nose poke hole 
was turned on for 2 sec and 6 sound clicks were produced during 3 sec (compound cue). Pokes 
in the inactive hole were monitored, but were without consequences. a 15-s time-out period 
immediately followed each infusion during which further nose poking was without consequences. 
a computer interfaced to the chambers was used for equipment operation and data collection. 
med Pc iV (med associates inc.) software was used to analyze data. 

Surgery. intravenous silicon catheters (0.6 mm outside diameter, 0.3 mm inside diameter) were 
surgically implanted in the right jugular vein under isoflurane gas anesthesia. the catheter was 
secured to the vein with two sutures and passed subcutaneously to the top of the skull. the distal 
end of the catheter was attached to a connector pedestal (Plastics one, düsseldorf, de) anchored 
to the skull with four surgical screws and dental cement. catheter potency was maintained by daily 
infusion of 0.15 ml of a sterile saline solution containing heparin (20 units/ml) and gentamycin 
(0.08 mg/ml). during the following 7-day recovery period, the rats were housed individually and 
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handled daily to minimize non-specific stress. experimental procedures were only performed 
when the bodyweight recovered to pre-surgery level.

Acquisition (FR1) and progressive ratio (PR) schedules. adult (≥12 weeks old) pmch+/+ rats 
weighing between 340-360 g and pmch-/- rats weighing between 280-300 g at the beginning of 
the experiment were used. body weight and food intake was measured daily during the course 
of the study. acquisition phase sessions (1 hr duration, with cues: cue light on for 2 s, 6 sound 
click during 3 s) commenced 7 days after surgery while acclimating to the new environment and 
were performed between 1000-1300 h. Rats were allowed to self-administer cocaine (100 µg/
inf. during 6 daily sessions, 200 µg/inf. during 5 daily sessions, and 300 µg/inf. during 5 daily 
sessions) on a continuous schedule of reinforcement (FR1). the number of cocaine infusions was 
limited to 40 per session. under these conditions all rats with intact catheters acquired stable 
self-administration, i.e. > 90% accuracy (active versus inactive presses). after the rats had reached 
stable responding for cocaine, they were switched to a PR schedule of reinforcement. Rats were 
allowed to self-administer during 13 daily PR sessions (300 µg/inf. during 5 sessions, 200 µg/
inf. during 4 sessions, and 100 µg/inf. during 4 sessions; 3 hr duration). the number of cocaine 
infusions was not limited. the successive increase in number of nose pokes required to obtain 
a drug infusion was calculated by the following equation: Response ratio = (5^(0.2* reward number))-
5, rounded to the nearest integer (Richardson and Roberts, 1996). this equation produced the 
following sequence of required lever presses: 1, 2, 4, 6, 9, 12, 15, 20, 35, 40, 50, 62, 77 etcetera. the 
final ratio attained was defined as the animal’s breakpoint. daily PR sessions lasted 3 hr or were 
terminated when 30 min elapsed without a drug infusion. PR data are also shown as the mean of 
the last 3 PR sessions.

Extinction phases and reinstatement. after the PR sessions, rats were allowed to self-administer 
cocaine at an FR1 schedule for another 2 sessions Rats then entered an extinction phase of 
16 consecutive daily sessions (1 hr duration, no reward, no cues). after all rats showed stable 
extinction values (<10 active responses, 5 consecutive sessions), rats were tested for cue-induced 
relapse (1 hr duration, no reward, ability to respond for the compound cue on an FR1 schedule). 
as rats did not receive rewards, no limit was installed. Rats then entered an extinction phase of 
9 consecutive daily sessions during which responding for the cue was extinguished. after all rats 
showed stable extinction values (<25 active responses, 5 consecutive sessions), rats were tested 
for drug-primed relapse (1 hr duration, no reward, one cocaine infusion at start of session [10 mg/
kg, 1 ml/kg, intraperitoneal], with cues). 

Western Blot Procedure and Antibodies. adult rats (≥10 weeks old) received a saline, a 10mg/
kg, or a 20mg/kg intraperitoneal cocaine solution injection (0.5 ml/kg; o.P.g., utrecht, the 
netherlands). Rats were sacrificed during the early afternoon after 10 min and brains were snap-
frozen in isopentane. For the dark phase experiment, rats were sacrificed during the 3rd hour of 
the dark phase after receiving a saline injection. Frozen brains were cut on a cryostat at 250µm 
and the acbsh and acbco were microdissected in the cryostat (while frozen) for tissue processing 
and western blotting. immediately prior to sonication of slices, 70µl of boiling 1% sds including 
protease and phosphatase inhibitor cocktails 1 and 2 was added to each tube (sigma, st. louis, 
mo, usa). Following sonication, lysate was boiled for 10 minutes.  tissue was quantitated using a 
bio-Rad laboratories dc assay (hercules, ca, usa), and 15µg protein was loaded on an invitrogen 
bis-tris midi or mini gel (4-12%) (carslbad, ca, usa) following the manufacturers instructions. 
For gluR1 protein detection, membranes were first blotted with the phospho-antibody at 1:500 
(rabbit polyclonal, ser845 and ser831 antibodies from Phosphosolutions, aurora, co, usa). 
after secondary detection, membranes were stripped and blotted with a total gluR1 antibody 
(rabbit polyclonal, 1:1000, abcam, cambridge, ma, usa). daRPP-32 antibodies were a generous 
gift from dr. angus nairn. Rabbit a-thr34 (1:1000) and mouse a-daRPP-32 (1:10,000) were co-
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incubated. Following overnight incubation in 1° antibodies at 4°c, blots were incubated in alexa-
conjugated secondary antibodies for 1 hour at 4°c (1:5000, invitrogen carlsbad, ca, usa and/
or Rockland immunochemicals, gilbertsville, Pa, usa). blots were scanned and quantified using 
a licor odyssey scanner (lincoln, ne, usa). Fluorescent images were converted to grayscale for 
figures. 

Neurochemical analysis. adult rats (≥12 weeks old) were decapitated and the caudate putamen 
(cPu) and nucleus accumbens (nac) were rapidly dissected from the coronal brain slices.  samples 
(0.3 x 0.3 x 2 mm) were prepared using a mcilwain tissue chopper, incubated and superfused 
essentially as described before (schoffelmeer et al., 1988). samples were washed twice with Krebs-
Ringer bicarbonate medium (in mm; nacl, 121; Kcl, 1.87; Kh2Po4, 1.17; mgso4, 1.17; nahco3, 
25; cacl2, 1.22 and d-(+)-glucose, 10), followed by preincubation for 15 min in this medium in a 
constant atmosphere of 95% o2-5% co2 at 37 °c. after preincubation, the samples were washed 
rapidly with the Krebs-Ringer and incubated for 15 min in 2.5 ml of this medium containing 5 
µci [3h]dopamine in an atmosphere of 95% o2-5% co2 at 37 °c with or without 6 µm gbR-12909 
(dopamine reuptake inhibitor; sigma-aldrich, Zwijndrecht, the netherlands). as the cPu and the 
nac have a dense noradrenergic innervation, 3.6 µm desipramine (3-isobutyl-1-methyl-xantine 
[dmi]; sigma, st. louis, mo, usa) was added to the medium of these brain structures to prevent 
accumulation of [3h]dopamine in noradrenergic nerve terminals. after labeling, the samples were 
washed rapidly and transferred to a chamber of the superfusion apparatus (approximately 4 mg 
tissue in 0.2 ml volume) and superfused (0.2 ml/min) with medium gassed with 95% o2-5% co2 
at 37 °c. in each observation, neurotransmitter release from samples of pmch+/+ and pmch-/- rats 
was studied simultaneously. after 40 min of superfusion (t = 40 min), the superfusate was collected 
as 10-min samples. neurotransmitter release was induced by exposing the samples to electrical 
biphasic block-pulses (1 hz, 4 ms at 30 ma) for 10 min at t = 50. the radioactivity remaining at 
the end of the experiment was extracted from the tissue with 0.1 n hcl. the radioactivity in 
superfusion fractions and tissue extracts was determined by liquid scintillation counting. the efflux 
of radioactivity during each collection was expressed as a percentage of the amount of radioactivity 
in the slices at the beginning of the respective collection period. the electrically evoked release 
of neurotransmitter was calculated by subtracting the spontaneous efflux of radioactivity from the 
total overflow of radioactivity during stimulation and the next 10 min. a linear decline from the 
10-min interval before to that 20-30 min after the start of stimulation was assumed for calculation 
of the spontaneous efflux of radioactivity. the evoked release was expressed as percentage of the 
content of radioactivity of the samples at the start of the stimulation period.

Autoradiographic DAT Assay. cryostatic coronal sections (10 µm) through mid-striatum from 
adult rats (≥12 weeks old) were preincubated (20 min, 20ºc) in 50mm tris-hcl 120mm nacl 
(ph 7.4), then 60 min in fresh buffer containing 10 pm Rti-55 (2200 ci/mmol; Perkin elmer) and 
1µm citalopram and nisoxetine (sigma-aldrich, Zwijndrecht, the netherlands), with nonspecific 
binding defined with 100 µm gbR-12909 (sigma-aldrich, Zwijndrecht, the netherlands). slides 
were washed twice for 10 min in fresh buffer (4ºc), dipped in ice-cold deionised water, airflow 
dried, exposed to tritium-sensitive film for 5 days with tritium standards, photodeveloped, and 
analyzed using nih freeware imageJ®. 

Microdialysis surgery. Rats were anesthetized using isoflurane (2.5%, 400ml/min n2o, 600ml/min 
o2). lidocaine (10% m/v) was used for local anesthesia. the animals were fixed in a stereotaxic 
frame and unilaterally implanted with a stainless steel guide cannula (8mm) aimed at the right 
acbsh according to previously described procedures (Verheij and cools, 2007; Verheij et al., 2008). 
the following coordinates were used: anteroposterior +10.2mm; lateral -0.8mm; dorsoventral 
-6.0mm (Paxinos and Watson, 2005). the anteroposterior coordinate is relative to the interaural 
line; the lateral coordinate is relative to the midline suture and the dorsoventral coordinate is 
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relative to the skull surface. the cannula was fixed onto the skull and anchored with dental cement 
and stainless steel screws. the guide cannula contained an inner cannula to prevent infections 
and occlusions. the rats were allowed to recover from surgery for at least 7 days in Plexiglas 
microdialysis cages (25x25x35cm) for the rest of the experiment. on 3 consecutive days, prior to 
the start of the microdialysis experiment, each rat was gently picked up and lifted above the top 
of the home cage in order to habituate them to handling.

Microdialysis procedure. a detailed description of the microdialysis procedure has been 
published elsewhere (Verheij et al., 2008). in short, a dialysis probe (type a-i-8-02, outer diameter: 
0.22mm, 50,000 molecular-weight cut-off) was carefully inserted into the guide cannula. the probe 
was secured to the guide cannula using a screw. the tip of the dialysis probe protruded 2mm 
below the distal end of the guide cannula. the probes had an in vitro recovery of 10–12% for 
da. the inlet and outlet of the probe were connected to a swivel that allowed the rat to move 
freely inside the microdialysis cage. the dialysis probe was perfused at a rate of 2.0µl⁄min with 
modified Ringer solution (147mm nacl, 4mm Kcl, 1.1mm cacl2.2h2o and 1.1 mm mgcl2.6h2o, 
dissolved in ultra pure water, ph7.4). the outflow was collected every 15 minutes in a tube 
containing 8µl of 0.02m formic acid and kept at -80°c until analyzed. the samples were manually 
injected into a high performance liquid chromatography (hPlc) system. da was separated from 
the remaining neurotransmitters by means of reversed phase, ion-paring liquid chromatography 
using an eicompak PP-ods column (particle size: 2µm, 4.6mm x 30mm) in combination with a 
mobile phase (0.1m phosphate buffer (nah2Po4.2h2o : na2hPo4.12h2o, ratio 25:4),  2.0mm 
sodium 1-decanesulphonate and 0.1mm di-sodium edta, dissolved in ultra pure water (>18mΩ), 
ph6.0) containing 1% of methanol. the flow rate was 500µl⁄min and the system temperature was 
25°c. the concentration of da was measured using electrochemical detection. the working 
electrode was set at +400 mV against a silver ⁄ silver-chloride reference electrode. the accuracy 
of measurement was within 1.3% and the detection limit was about 30 fg per sample. the system 
was calibrated using a standard da solution before each measurement. on the experimental 
day, a stable baseline level of da (± 10%) was reached at 4 hr after insertion of the probe (Verheij 
and cools, 2007; Verheij et al., 2008), followed by the start of the experiment. after collection 
of 3 basal samples, a palatable food reward (Kinderchocolade®) was given to the rat and 4 
subsequent samples were collected. subsequently, a saline injection (intraperitoneal) was given 
followed by the collection of 4 samples. Finally, rats were injected with cocaine (15 mg/kg cocaine, 
intraperitoneal), followed by the collection of 6 samples. basal da levels are expressed as pg 
da in a 15 min dialysate sample, and food, saline and cocaine effects are expressed as % of 
the baseline sample before each manipulation. only data for the cocaine challenge are shown, 
because neither food, nor saline elicited a significant da response.

Microdialysis histology. at the end of the experiment, rats were given an overdose of sodium-
pentobarbital (250mg/kg, i.p.) and were intracardially perfused with 60ml 4% paraformaldehyde 
solution. Vibratome sections (150µm) were cut to determine the correct location of the microdialysis 
probe.

NAc mRNA expression. adult rats (≥12 weeks old) were sacrificed during the early afternoon. 
the nac was rapidly dissected and snap-frozen in liquid nitrogen. total Rna was isolated 
using a trizol method and Rna quantity and quality was assessed using a nanodrop® nd-1000 
spectrophotometer (thermo-scientific, Wilmington, de, usa). cdna was synthesized from 
1µg of total Rna using a Retroscript® kit (applied biosystems, nieuwerkerk a/d ijssel, nl) as 
described by the manufacturer, and diluted in mQ (1:2 for Th and Vmat2; 1:8 for all other genes). 
gene expression was quantified with a 7900 ht Real-time PcR machine (abi Prism®). Primers 
for cyclophilin, Drd1a, Drd2, GluR1, DARPP32, Th, Vmat2, Syn1, and htr2c were designed using 
scitools PrimerQuest (idt; primers shown in supplementary table s1). Primers were optimized 
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to amplify cdna but not genomic dna and to generate a single PcR product. PcR efficiency 
was between 80% and 120%. in general, 2µl template, 10µm primers, and 5µl sybRgreen mix 
(applied biosystems) was used in a 10µl PcR reaction. thermocycler conditions comprised an 
initial holding stage at 50°c for 2 min followed by 95°c for 3 min followed by a PcR program 
consisting of 95°c for 30 sec and 60°c for 30 sec for 40 cycles. samples were run in triplicates. to 
control for input, cyclophilin was run on the same plate and used as a control gene. calculations 
were performed by a comparative method (2.0-∆∆ct), taking the efficiency of the PcR into account 
(1.8-2.2). all experiments were repeated twice after a new cdna synthesis reaction. average 
pmch-/- rat gene expression from the three experiments is expressed as a percentage of average 
pmch+/+ gene expression.

Data Analysis. data are expressed as mean ± s.e.m. in figures 3A and 3B, overall results were 
analyzed using a two-way analysis of Variance (anoVa) with a bonferroni post-hoc correction 
for multiple comparisons. meal pattern characteristics (Fig. 1A-i), acute hyperphagia (Fig. 1J), 
acute hypophagia (Fig. 1K), ongoing food-reinforced responding (Fig. 2c, 2D), ongoing cocaine-
reinforced responding (Fig. 2F, 2G), the amount of rewards (Fig. s1A, s2A), and to lever presses 
(Fig. s1B, s2B) data were analyzed by multifactorial analysis of variance, with repeated-measures. 
if an effect was observed for the meal pattern characteristics (Fig. 1A-i), the repeated-measures 
anoVa was followed by a students’ t-test analysis. For the acute hyperphagia and hypophagia 
assays, we used a special contrast to investigate if the intake on the test day (hF day1 or shP 
day1) was different from the average intake of 5 preceding days (shP days1-5 or hF days1-5). all 
other data were analyzed using a students’ t-test. all data were analyzed using a commercially 
available statistical program (sPss for macintosh, version 16.0). the null hypothesis was rejected 
at the 0.05 level.

results
Feeding behavior in pmch-/- rats. Pmch-/- rats show diurnal and nocturnal hypophagia 
(mul et al., 2010). to investigate which elements of feeding behavior are changed, we 
analyzed the meal pattern of pmch+/+ and pmch-/- rats at postnatal days [Pnds] 40, 58, 
70, 84, and 98. the statistical analysis for body weight revealed significant effects of 
time (F(2,24) = 1372; P < 0.001), genotype (F(1,14) = 10; P < 0.01), and a time x genotype 
interaction (F(2,24) = 5; P < 0.05; Fig. 1A). body weight of pmch-/- rats was reduced at 
all Pnds (P < 0.05, student’s t-test; Fig. 1A). the statistical analysis for caloric intake 
revealed significant effects of time (F(4,56) = 10; P < 0.001) and genotype (F(1,14) = 8; P < 
0.05), but no time x genotype interaction (F(4,56) = 1; P = 0.44; Fig. 1B). caloric intake 
was reduced in pmch-/- rats at Pnd 40, 84, and 98, and showed a decreased trend 
at Pnd 58 and 70 (P = 0.07 and P = 0.12, respectively, student’s t-test; Fig. 1B). the 
statistical analysis for total meal duration revealed significant effects of time (F(4,56) = 
15; P < 0.001), but not of genotype (F(1,14) = 0.2; P = 0.63), and no time x genotype 
interaction (F(4,56) = 1; P = 0.28; Fig. 1c). total meal duration did not differ at any Pnd 
(Fig. 1c). the statistical analysis for average meal duration revealed significant effects 
of time (F(4,56) = 19; P < 0.001), but not of genotype (F(1,14) = 0.5; P = 0.47), and no time 
x genotype interaction (F(4,56) = 3; P = 0.14; Fig. 1D). average meal duration was only 
reduced at Pnd 40 in pmch-/- rats compared to pmch+/+ rats (Fig. 1D). the statistical 
analysis for meal frequency revealed significant effects of time (F(4,56) = 3; P < 0.05), but 
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Fig. 1.  Meal pattern 
analysis and acute hy-
perphagia in pmch-/- rats. 
body weight (A), nutrient 
intake (B), total meal 
duration (c), average 
meal duration (D), meal 
frequency (E), average 
intermeal interval (F), 
average meal size (G), 
rate of eating (h), and 
satiety ratio (i) in pmch+/+ 
and pmch-/- rats at postnatal day [Pnd] 40, 58, 70, 84, and 98. body weight (A), nutrient intake (B), 
and average meal size (G) are predominantly decreased in pmch-/- rats, while satiety ratios (i) are 
predominantly increased in pmch-/- rats. total meal duration (c) seems unaffected, while average 
meal duration (D), meal frequency (E), and average intermeal interval (F) seem unaffected except 
for Pnd 40 and 98. eating rates (h) are affected in pmch-/- rats at Pnd 70 and 84 (*P < 0.05, **P < 
0.005, ***P < 0.001 by students’ t-test; n = 8 per group). (J) adult pmch+/+ and pmch-/- rats showed 
acute hyperphagia when high-fat palatable food (hF) was presented after being presented with 
standard chow for 5 consecutive days. however, acute hyperphagia was attenuated in pmch-/- rats 
(172% increase in wild type rats compared to 152% increase in pmch-/- rats; ***P < 0.001 versus shP 
days1-5, by repeated-measures anoVa with special contrast analysis; n = 7-8 per group). (K) adult 
pmch+/+ and pmch-/- rats showed acute hypophagia when standard chow was presented after being 
grown on high-fat palatable food (hF), however in equal quantities (14% decrease in wild type rats 
compared to 17% decrease in pmch-/- rats; *P < 0.05 versus hF days1-5, by repeated-measures 
anoVa with special contrast analysis; n = 6-8 per group). data are shown as mean ± s.e.m.
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not of genotype (F(1,14) = 3; P = 0.13), and no time x genotype interaction (F(4,56) = 2; P = 
0.15; Fig. 1E). the statistical analysis for average intermeal interval revealed significant 
effects of time (F(4,56) = 3; P < 0.05), but not of genotype (F(1,14) = 3; P = 0.13), and no 
time x genotype interaction (F(4,56) = 2; P = 0.12; Fig. 1F). both average meal frequency 
and average intermeal interval were increased at Pnd 90 in pmch-/- rats compared to 
pmch+/+ rats, but did not differ at the other Pnds (Fig. 1E and F). the statistical analysis 
for average meal size revealed no significant effect of time (F(4,56) = 1; P = 0.35), but 
significant effect of genotype (F(1,14) = 14; P < 0.005), and a time x genotype interaction 
(F(4,56) = 3; P < 0.05; Fig. 1G). average meal size in pmch-/- rats was reduced at all Pnds 
compared to pmch+/+ rats, except for Pnd 70 (P = 0.20, student’s t-test; Fig. 1G). the 
statistical analysis for rate of eating revealed significant effects of time (F(4,56) = 19; P < 
0.001) and genotype (F(1,14) = 7; P < 0.05), but no time x genotype interaction (F(4,56) = 
2; P = 0.18; Fig. 1h). the rate of eating was reduced at Pnd 70 and 84 in pmch-/- rats 
compared to pmch+/+ rats, but did not differ at the other Pnds (Fig. 1h). the statistical 
analysis for satiety ratio revealed significant effects of time (F(4,56) = 11; P < 0.001) and 
genotype (F(1,14) = 8; P < 0.05), but no time x genotype interaction (F(4,56) = 1; P = 0.35; Fig. 
1h). satiety ratios were decreased in pmch-/- rats compared to pmch+/+ rats at all Pnds 
except Pnd 70 (Fig. 1i). thus, while the meal pattern dynamics (frequency, duration) 
seemed relatively unaltered in pmch-/- rats, the caloric intake per meal is reduced. to 
investigate whether the reduced caloric intake per meal was the result of perturbed 
reward signaling, we measured acute hyperphagia of adult pmch+/+ and pmch-/- rats 
when offered a palatable high-fat (hF) diet. in addition, acute hypophagia in response 
to standard chow offered to adult rats grown-up on an hF diet was also investigated. 
the statistical analysis for acute hyperphagia revealed significant effects of time (F(6,77) = 
41; P < 0.001), genotype (F(1,13) = 16; P < 0.005), and a time x genotype interaction (F(6,77) 
= 41; P < 0.005; Fig. 1J). although both pmch+/+ and pmch-/- rats increased their caloric 
intake significantly during the first day on hF diet (F(1,13) = 191.9; P < 0.001), the increase 
in caloric intake was higher in pmch+/+ rats compared to pmch-/- rats (172% versus 152%, 
respectively). this indicated a perturbation in reward signaling in pmch-/- rats. the 
statistical analysis for acute hypophagia revealed significant effects of time (F(4,46) = 
5; P < 0.005) and genotype (F(1,12) = 14; P < 0.005), but no time x genotype interaction 
(F(4,77) = 0.5; P = 0.73; Fig. 1K). both pmch+/+ and pmch-/- rats reduced their caloric intake 
during the first day on shP diet (F(1,12) = 8; P < 0.05), although the decrease was equal 
between pmch+/+ and pmch-/- rats (86% versus 83%, respectively). 

Loss of Pmch reduces operant responding for food. as pmch-/- rats showed a 
perturbation in feeding behavior, we set out to investigate if pmch-/- rats have a 
decreased incentive, or motivation, to work for high palatable food pellets. adult male 
pmch+/+ and pmch-/- rats were tested in a self-administration paradigm where rats could 
lever press for high palatable food pellets (Fig. 2A). the statistical analysis for total active 
lever presses during acquisition phase progression (FR1 schedule) revealed significant 
effects of time (F(4,71) = 4; P < 0.05), but not of genotype (F(1,18) = 1; P = 0.25) and no 
time x genotype interaction (F(4,71) = 2; P = 0.19; Fig. 2c). Pmch+/+ rats thus showed an 
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Fig. 2. Pmch-/- rats show uncoupling of operant responding for high palatable food versus 
cocaine infusions. experimental timeline for self-administration (sa) paradigm for high palatable 
food (A; n = 10 per group) or cocaine infusions (B; n = 8-14 per group). (c) total number of active 
lever presses (squares) and inactive lever presses (circles) for high palatable food pellets. total 
number of active lever presses showed an escalation-like effect over time in pmch+/+ rats on the 
FR1 schedule of reinforcement compared to pmch-/- rats, although this was not significant (F(1,18) 
= 1.5, P = 0.25). (D) mean breakpoint value of the last 3 PR sessions was decreased in pmch-/- rats 
compared to pmch+/+ rats. *P < 0.05 by students’ t-test. (E) Pmch-/- rats showed a trend towards 
decreased responding during cue- or pellet-induced reinstatement of food seeking, but not 
during a yohimbine-induced reinstatement session (P = 0.12, P = 0.19, P = 0.99, respectively). 
(F) total number of active nose pokes (squares) and inactive nose pokes (circles) for intravenous 
cocaine infusions at different infusion concentrations. total number of active nose pokes was 
equal between pmch+/+ and pmch-/- rats on an FR1 schedule. (G) mean breakpoint value of the last 
3 PR sessions was increased in pmch-/- rats compared to pmch+/+ rats with 300 and 200µg/inf. (*P 
< 0.05 by students’ t-test), and showed an increased trend with 100µg/inf (P = 0.08 by students’ 
t-test). (h) Pmch-/- rats showed a trend towards increased responding during cue-, or drug-induced 
(cocaine, 10mg/kg, 1ml/kg intraperitoneal) reinstatement of cocaine seeking (P = 0.15, and P = 
0.37, respectively). data are shown as mean ± s.e.m.
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escalation-like effect over time, although not significant compared to pmch-/- rats, for 
total active lever presses. this behavior can be interpreted as a measure of compulsive 
food-taking behavior (ghitza et al., 2006). this behavior was however blunted in pmch-/- 
rats. total inactive lever presses did not differ between genotypes during training (Fig. 
2c). as the amount of rewards remained stable during the acquisition phase (Fig. s1A), 
the slight increase over time in total active lever presses, predominantly in pmch+/+ rats, 
resulted from an escalation-like effect in time out (to) presses (Fig. s1B). subsequently, 
the motivation to work for high palatable pellets was determined using a progressive 
ratio (PR) schedule (Richardson and Roberts, 1996). the mean breakpoint value of 
the last 3 PR sessions was decreased in pmch-/- rats (P < 0.05, student’s t-test; Fig. 
2D), indicating that pmch-/- rats are less motivated to work for the high palatable food 
pellets tested here. after extinction (Fig. s1c), active lever presses during cue-induced 
or pellet-induced reinstatement showed a decreased trend in pmch-/- rats (P = 0.12 
and P = 0.19, respectively; student’s t-test; Fig. 2E). brief exposure to stress can trigger 
relapse-like behavior, as was shown recently for cocaine seeking in monkeys (lee et 
al., 2004). however, reinstatement induced by the pharmacological stressor yohimbine 
revealed no differences between genotypes (P = 0.99, student’s t-test; Fig. 2E, s1c). 

Loss of Pmch increases operant responding for cocaine. We also set out to investigate 
whether chronic loss of Pmch affects the motivation to obtain drugs of abuse. Pmch+/+ 

and pmch-/- rats were tested in a self-administration paradigm where rats could nose 
poke for intravenous cocaine infusions (Fig. 2B). during the acquisition phase an FR1 
schedule was used with increasing doses of cocaine (100, 200, and 300µg/inf.). the 
statistical analysis for total active nose pokes during acquisition revealed a significant 
effect of time (F(2,46) = 3.9, P < 0.05), but no effect of genotype (F(1,20) = 0.02, P = 0.88) 
and no time x genotype interaction (F(2,46) = 3.9, P = 0.64; Fig. 2F). total inactive nose 
pokes did not differ between genotypes during training (Fig. 2F), nor did the amount of 
infusions (Fig. s2A) or active to nose pokes (Fig. s2B). next, the motivation of the rats 
to work for intravenous cocaine infusions was tested using a PR schedule (Richardson 
and Roberts, 1996). the mean breakpoint value of the last 3 PR sessions of each dose 
was increased in pmch-/- rats for the 200 and 300µg/inf. dose (P < 0.05, student’s t-test), 
and showed an increased trend for the 100µg/inf. dose (P = 0.08, student’s t-test; Fig. 
2G). this indicates that pmch-/- rats are more willing to work for the cocaine infusions, an 
effect that becomes more obvious with a higher cocaine dosage. after extinction (Fig. 
s2c), active nose pokes in pmch-/- rats during cue-induced and drug-primed (cocaine, 
10mg/kg, 1ml/kg) reinstatement were slightly but not significantly elevated (P = 0.15, 
and P = 0.37, respectively; student’s t-test; Fig. 2h, s2c). 

Loss of Pmch affects the postsynaptic DA system. the above-mentioned behavioral 
observations indicated changes in reward-related neurochemical signaling in 
pmch-/- rats. For example, it is known that loss of mch-mch1R signaling results in a 
dysregulated mesolimbic da system (smith et al., 2005; Pissios et al., 2008). mch1R is 
expressed in medium spiny neurons (msns) of the acbsh, coexpressed with d1R and 
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Fig. 3. Pmch-/- rats show increased post-
synaptic AcbSh DA-related phosphopro-
tein phosphorylation sensitivity after in 
vivo cocaine treatment. graphs represent 
the ratio of phosphorylated signal to total 
protein signal for all treatments. Repre-
sentative western blot bands are shown 
above graphs. data is shown in compari-
son to saline-treated pmch+/+ controls as 
100% (dotted line). (A) Phosphorylated 
daRPP32thr34 levels are increased in the 
acbsh of pmch-/- rats after a 20mg/kg 
cocaine stimulus compared to saline-treat-
ed pmch-/- rats, whereas pmch+/+ rats do 
not show this effect. groups labeled with 
the same letter are statistically different 
(P < 0.05, by 2-way anoVa, bonferroni 
post-hoc analysis; n = 4-6 per group). (B) 
Phosphorylated gluR1ser845 levels are 
increased in the acbsh of both pmch+/+ 
and pmch-/- rats after a 20mg/kg cocaine 
stimulus compared to saline-treated rats. 
however, pgluR1ser845 levels in pmch-/- rats 
after a 20mg/kg cocaine stimulus showed 
an increased trend compared to 20mg/
kg cocaine-treated pmch+/+ rats (P = 0.08, 
by 2-way anoVa, bonferroni post-hoc 
analysis). groups labeled with the same letter are statistically different (P < 0.01, by 2-way anoVa, 
bonferroni post-hoc analysis; n = 5-6 per group). (c) basal phosphorylated gluR1ser845 levels in the 
acbsh during the 3rd hour of the dark phase were equal between pmch+/+ and pmch-/- rats (n = 10 
per group). data are shown as mean ± s.e.m.

d2R da receptors, and signals via multiple g-proteins, including gi/o (bachner et al., 
1999; hawes et al., 2000; gao and van den Pol, 2001; Pissios et al., 2003; georgescu et 
al., 2005; chung et al., 2009). mch1R-gia activation depresses adenylate cyclase (ac) 
activation, whereas d1R activation increases ac activity (hawes et al., 2000; greengard, 
2001). cocaine competitively inhibits the da transporter (dat), thereby elevating 
extracellular da levels preferentially in limbic regions (carboni et al., 1989; Jones et 
al., 1995). cocaine also affects mobilization of a synapsin- and vesicular monoamine 
transporter (Vmat)-dependent da reserve pool independent of transporter blockade 
(Venton et al., 2006; Verheij et al., 2008). therefore we hypothesized that loss of 
mch-mch1R signaling, through its negative modulation of ac activity, increases 
phosphorylation of several postsynaptic phosphoproteins, including dopamine and 
camP-regulated phosphoprotein-32 (daRPP-32), via protein kinase and phosphatase 
cascades that have been described for da signaling in striatal neurons (greengard, 
2001). to investigate this, pmch+/+ and pmch-/- rats were injected with saline, 10- or 
20mg/kg cocaine, and phosphorylation levels of gluR1ser845 and daRPP32thr34 were 
analyzed. 
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immunoblotting for pdaRPP32thr34 levels revealed an effect of treatment (F(2,24) = 
6.6, P < 0.01) and genotype (F(1,24) = 5.2, P < 0.05), but no interaction between them 
(F(2,24) = 1.1, P = 0.34; Fig. 3A). Furthermore, pdaRPP32thr34 levels of 20mg/kg cocaine-
treated pmch-/- rats were increased compared to saline-treated pmch-/- rats (P < 0.05, 
by 2-way anoVa, bonferroni post-hoc analysis; Fig. 3A), and pdaRPP32thr34 levels of 
10mg/kg cocaine-treated pmch-/- rats showed an increased trend compared to saline-
treated pmch-/- rats (P = 0.14, by 2-way anoVa, bonferroni post-hoc analysis; Fig. 
3A). thus, (1) phosphorylated daRPP32thr34 levels were slightly elevated, although not 
significant, after a 10mg/kg cocaine stimulus in pmch-/- rats, but not in pmch+/+ rats, 
and (2) pdaRPP32thr34 levels were similarly elevated in pmch-/- rats after either a 10- or 
a 20mg/kg cocaine stimulus (Fig. 3A). 

immunoblotting for pgluR1ser845 levels revealed an effect of treatment (F(2,25) = 18.2, 
P < 0.001), but no effect of genotype (F(1,25) = 1.1, P = 0.31) and no interaction between 
them (F(2,25) = 0.2, P = 0.82; Fig. 3B). Phosphorylated gluR1ser845 levels after a 10mg/kg 
cocaine stimulus did not differ from saline-treated levels in both genotypes, nor were 
there differences between genotypes (Fig. 3B). however, pgluR1ser845 levels of a 20mg/
kg cocaine stimulus were elevated in both genotypes compared to saline-treated rats 
(P < 0.01, by 2-way anoVa, bonferroni post-hoc analysis), while pgluR1ser845 levels in 
pmch-/- rats showed an increased trend (P = 0.08, by 2-way anoVa, bonferroni post-hoc 
analysis) compared to pmch+/+ rats (Fig. 3B). all the observed changes were found to 
be specific for phosphorylation states, as no difference was seen in basal daRPP32 or 
gluR1 protein levels (Fig. 3A and B). taken together, these findings suggest that loss of 
mch-mch1r signaling, including loss of negative modulation of ac activity, increases 
phosphorylation sensitivity of several phosphoproteins involved in the postsynaptic da 
pathway in the acbsh.

Rats are nocturnal and therefore predominantly feed during the dark phase, 
although pmch-/- rats are hypophagic both during the day and night (mul et al., 2010). 
PKa-mediated phosphorylation of gluR1ser845 increases channel conductance (Roche 
et al., 1996), thereby enhancing glutamatergic transmission through the amPaR, and 
blockade of amPaRs in the acbsh increases feeding (maldonado-irizarry et al., 1995; 
stratford et al., 1998). therefore we hypothesized that increased phosphorylation 
sensitivity of d1R-signaling target pathways leads to increased gluR1-containing 
amPaR conductance in pmch-/- rats, thus depressing in caloric intake. however, 
immunoblotting revealed that ad libitum-fed saline-treated pmch-/- rats have equal 
pgluR1ser845 levels compared to pmch+/+ rats during the light phase (Fig. 3A and B). 
moreover, pgluR1ser845 levels were also equal between genotypes during the 3rd hour 
of the dark phase (Fig. 3c). Finally, basal gluR1 protein levels during the 3rd hour of the 
dark phase were equal between genotypes (Fig. 3c). thus, phosphorylation of gluR1 
does not seem responsible for the observed hypophagia after functional loss of Pmch 
in rats. 

Loss of Pmch affects the presynaptic DA system. the cocaine-induced phosphorylation 
experiments revealed increased phosphorylation sensitivity for proteins involved in 
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Fig. 4. DA system function in pmch-/- rats. (A) electrically evoked control da release is similar 
between genotypes in the cPu, but is increased in the nac of pmch-/- rats compared to pmch+/+ 
rats. electrically evoked da release in both the cPu and nac of pmch-/- rats is increased compared 
to pmch+/+ rats after treatment with gbR12909, a highly specific dopamine transporter (dat) 
inhibitor. data is shown in comparison to Wt control release as 100% (dotted line). (*P < 0.05 by 
students’ t-test; n = 4 per group). (B) dat expression is increased in the cPu, acbco, and the 
acbsh of pmch-/- rats compared to pmch+/+ rats. brain areas are indicated on an atlas section 
from Paxinos and Watson (Paxinos and Watson, 2005) (*P < 0.05, by students’ t-test; n = 8-11 
per group). (c) Relative gene expression of a subset of genes involved in dopaminergic storage 
capacity and da signaling in the nac of adult pmch+/+ and pmch-/- rats revealed an increased trend 
of Vmat2 and Syn1 in pmch-/- rats compared to pmch+/+ rats (P = 0.067 and P = 0.069 by students’ 
t-test, respectively; n = 8-9 per group). (D) basal extracellular da levels in the acbsh did not differ 
between genotypes. (E) extracellular da levels in the acbsh after a 15mg/kg cocaine administra-
tion (squares) were elevated compared to basal levels (F(5,60) = 10.2, P < 0.005), but did not differ 
between genotypes (F(1,12) = 0.35, P = 0.57). extracellular da levels in the acbsh after a saline 
administration (circles) did not differ between genotypes (F(1,12) = 1.7, P = 0.22), or compared to 
basal levels (F(3,42) = 2.3, P = 0.08) (n = 7 per group). data are shown as mean ± s.e.m.
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postsynaptic da signaling.  as the increased sensitivity can result from a postsynaptic 
effect, a presynaptic effect, or a combination of both, we investigated how the da 
system is affected in pmch-/- rats. 

First we investigated if nac da release differs between genotypes using challenged 
conditions in neurochemical experiments (i.e. using electric stimulation). this revealed 
that electrically evoked da release ex vivo was elevated in acute coronal nac brain 
slice preparations from untreated ad libitum-fed pmch-/- rats compared to untreated 
pmch+/+ rats (Fig. 4A). moreover, sample treatment with gbR12909, a highly specific da 
transporter (dat) inhibitor, increased the difference in evoked nac da release even 
further (129% at basal levels vs. 161% with gbR12909 treatment compared to pmch+/+ 

rats; Fig. 4A), suggesting that nac dat protein levels were increased in pmch-/- rats, 
as was recently shown for mch-/- mice (Pissios et al., 2008). Radioactive ligand binding 
analysis revealed that nac dat protein expression was indeed increased in pmch-/- 
rats, both in the nucleus accumbens core (acbco; 118%) and in the acbsh (121%; Fig. 
4B). similar results were observed for the caudate putamen (cPu) in pmch-/- rats (Fig. 
4A and B), whereas mch-/- mice did not show a difference for cPu dat levels (Pissios 
et al., 2008). 

as ex vivo da release seems to be affected in pmch-/- rats, we studied relative 
gene expression of a subset of genes, involved in dopaminergic storage capacity 
or signaling, in the nac of adult pmch+/+ and pmch-/- rats. Relative expression of d1R 
(Drd1a), d2R (Drd2), gluR1 (Gria1), daRPP32 (Darpp32), tyrosine hydroxylase (Th), 
and 5-hydroxytryptamine (serotonin) receptor 2c (htr2c) was unchanged between 
genotypes (Fig. 4c). however, relative expression of Vmat2 (Vmat2) and synapsin 
1 (Syn1) showed an increased trend in pmch-/- rats compared to pmch+/+ rats (P = 
0.067 and P = 0.069 by students’ t-test, respectively; Fig. 5). Vmat2 is responsible for 
transmitter loading of synaptic vesicles (edwards, 1992), is preferentially expressed in 
the cns (Peter et al., 1995; erickson et al., 1996), and increased expression of Vmat2 
increases nac dopaminergic storage capacity (Verheij et al., 2008). the g protein 
subunits, go2 and gao2, are involved in the negative regulation of Vmat2 activity (holtje 
et al., 2000), whereas the mch-mch1r system signals via gi/o (hawes et al., 2000). 
synapsin 1 controls the fraction of synaptic vesicles available for release (greengard 
et al., 1993), and elevated Syn1 expression can thereby increase the efficiency of da 
release observed in pmch-/- rats in this study. therefore, our data indicate that loss of 
the negative modulation of mch-mch1R signaling via gi/o also results in an additional 
effect on vesicle dynamics in the presynaptic terminal. in addition, the elevated dat 
levels in pmch-/- rats can amplify the increased dopaminergic release capacity. 

subsequently we investigated if the postsynaptic phosphorylation sensitivity in 
pmch-/- rats results from intracellular postsynaptic adaptations, or predominantly 
from presynaptic adaptations (i.e. elevated extracellular da levels). to study this, 
we measured in vivo extracellular da levels using classical microdialysis under non-
challenged conditions (i.e. in habituated rats) after intraperitoneal administration 
of a saline stimulus or after a 15mg/kg cocaine stimulus. basal in vivo extracellular 
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Fig. 5. Simplified schematic overview of the dopaminergic system in the NAc of pmch+/+ and 
pmch-/- rats. loss of presynaptic mch-mch1R signaling, likely mediated via gi/o, increases dopa-
minergic release capacity in pmch-/- rats by affecting gene expression of Vmat2 and Syn1. indeed, 
increased da amounts in the reserve pool (light blue circles) and the release-ready pool (dark blue 
circles) can be observed under challenged conditions ex vivo. dat protein levels are increased 
in the nac of pmch-/- rats to compensate for this effect. binding of da to the d1 subclass of 
dopamine receptors increases ac activity, whereas binding of da to the d2 subclass of dopamine 
receptors inhibits the d1R-mediated increase of ac activity. loss of postsynaptic mch1R-gi/o-
mediated negative modulation of ac activity increases ac activity in pmch-/- rats. as a result, 
increased phosphoprotein cascade sensitivity is observed in these rats. a recent report has shown 
that mch can decrease the amount of cell surface gluR1-containing amPaRs, subsequently de-
pressing msn excitability (Robert sears, unpublished data). loss of functional Pmch can thus 
potentially result in an increased amount of cell surface gluR1-containing amPaRs, thus increas-
ing msn excitability and potentially inducing hypophagia of pmch-/- rats. multiple additional neu-
rotransmitters affect dopaminergic signaling in msns (greengard, 2001). therefore, a role for 
additional putative effectors in our proposed scheme should not be excluded. green line (+) = 
stimulatory; red line (-) = inhibitory.

acbsh da levels did not differ between genotypes (Fig. 4D), and in vivo saline-evoked 
extracellular acbsh da levels revealed no effect of time (F(3,42) = 2.3, P = 0.08), no effect 
of genotype (F(1,12) = 1.7, P = 0.22) and no time x genotype interaction (F(3,42) = 1.2, P 
= 0.31; Fig. 4E). in contrast, in vivo cocaine-evoked extracellular acbsh da levels did 
reveal an effect of time (F(5,60) = 10.2, P < 0.005), but no effect of genotype (F(1,12) = 0.35, 
P = 0.57) and no time x genotype interaction (F(5,60) = 0.4, P = 0.87; Fig. 4E). 
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taken together, our findings indicate that loss of mch-mch1R signaling has 
a presynaptic effect on striatal da storage and release capacity, in addition to a 
postsynaptic effect on da signaling. moreover, they also indicate that the postsynaptic 
phosphorylation sensitivity in pmch-/- rats observed in this study resulted solely from 
loss of the negative ac modulation via gi/o-mediated mch-mch1R signaling during 
non-challenged conditions. however, during challenged conditions (i.e. a single high 
dose or repeated cocaine stimuli), the presynaptic adaptations can amplify postsynaptic 
phosphorylation sensitivity in pmch-/- rats through elevation of extracellular da levels. in 
summary, the increased dat levels after functional loss of Pmch appear to be a crucial 
compensatory mechanism to minimize relative increased extracellular da levels under 
challenged-conditions, thereby depressing postsynaptic phosphorylation sensitivity. 

dIsCussIon
here we showed that loss of Pmch in the rat reduced meal size and operant responding 
for high palatable food pellets, but increased operant responding for cocaine infusions. 
to the best of our knowledge, this is the first rat model that shows this clear behavioral 
uncoupling. moreover, using an array of behavioral and biochemical assays, we show 
that loss of Pmch affected the striatal da system on a presynaptic and postsynaptic 
level. although parts of our rat data strengthen findings in mice models, the majority 
of our observations is novel and provides strong heuristic value to reward-related 
research regarding mch.

a selective reduction in meal size in pmch-/- rats is consistent with the finding that 
acute mch1R-antagonism decreased meal size, and not meal frequency (Kowalski et 
al., 2004). mch immunoreactive fibers innervate nucleus of the solitary tract regions 
(nts) (bittencourt and elias, 1998). therefore, mch-deficiency potentially removes the 
inhibitory effect of mch on glutamate transmission between primary vagal afferents 
and nts neurons (Zheng et al., 2005), decreasing meal size and caloric intake. however, 
4th ventricle mch injections had no effect on caloric intake (Zheng et al., 2005). thus, 
it is unlikely that a reduced meal size results from lack of mch signaling at the level of 
the brainstem. however, we cannot exclude that satiety factors integrated outside the 
brain stem are affected in our rat model. this leaves the arc, PVn, dmn, and the acbsh 
as primary effecter sites of mch (abbott et al., 2003; georgescu et al., 2005; Zheng et 
al., 2005). changes in reward-related neurochemistry and behavior observed here and 
other studies (georgescu et al., 2005; smith et al., 2005; Pissios et al., 2008) indicate 
that the acbsh is a likely converging site to exert the orexigenic action of mch. 

during acute hyperphagia, induced by exposure to palatable food, pmch-/- rats 
showed a blunted caloric intake increase compared to pmch+/+ rats, while during induced 
acute hypophagia, the reduction in caloric intake was equal. this indicates that the 
perturbed reward-related behavior in pmch-/- rats is only observed under acute reward 
stimulatory conditions. mch-/- mice, bred on a c57bl6 background, demonstrated no 
acute overfeeding, and surprisingly, displayed no hypophagia (Pissios et al., 2008).
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Pmch-/- rats were less motivated to work for high palatable food. our observations 
align with recent findings that acute mch1R blockade reduces food-reinforced 
operant responding (nair et al., 2009). loss of Pmch also tended to decrease pellet- or 
cue-induced reinstatement of food seeking, but these effects did not reach statistical 
significance. Relapse induced by the pharmacological stressor yohimbine, a measure 
of stress-induced relapse behavior (ghitza et al., 2006), was similar between genotypes. 
in contrast, pmch-/- rats were more motivated to work for cocaine. Pmch-/- rats also 
tended to be more sensitive to cocaine- or cue-induced reinstatement of cocaine 
seeking following extinction, a validated animal model of relapse (epstein et al., 2006). 

the latter observations are in clear contrast to the recently published data of chung 
et al., showing that acute mch1R blockade in the rat acbsh decreased motivation 
to work for cocaine (chung et al., 2009). as the used self-administration paradigms 
were practically identical, an explanation for the different observations must lie in 
the different animal models (acute blockade of mch1R-signaling versus chronic 
loss of Pmch). it suggests that the adult drug phenotype in pmch-/- rats results from 
developmental abnormalities, or compensations by other neural systems. For example, 
it was recently shown that mch affects neurite outgrowth (cotta-grand et al., 2009). 
therefore, loss of mch signaling during early development could affect neuronal 
differentiation. additionally, to date, only mch has been shown to bind and activate 
mch1R (chambers et al., 1999; lembo et al., 1999; saito et al., 1999), whereas Pmch 
also encodes n-ei and n-ge (nahon et al., 1989). although n-ge so far does not 
seem to have a biological function, n-ei has been implicated in da system modulation 
in several brain regions (bittencourt and celis, 2008). therefore, loss of these two 
neuropeptides could contribute to the phenotype observed in this study. Finally, a 
difference in rat strains used (Wistar versus sprague-dawley) might also play a role. 

loss of Pmch had a postsynaptic effect on the striatal da system. our observations 
indicated increased postsynaptic phosphorylation sensitivity of daRPP32 and 
gluR1 in pmch-/- rats compared to pmch+/+ rats after a systemic cocaine stimulus. 
mch administration decreases phosphorylation of da-signaling targets through 
gi/o-mediated signaling (Robert sears, unpublished data). thus, as observed in this 
study, loss of mch-mch1R signaling can relatively increase in vivo phosphorylation 
of daRPP32 and gluR1 compared to a wild type situation (Fig. 5). in addition, basal 
extracellular in vivo da levels and cocaine-evoked extracellular in vivo da levels in the 
acbsh did not differ between genotypes with a 15mg/kg dose. this indicates that the 
increased phosphorylation of daRPP32 and gluR1 in pmch-/- rats compared to pmch+/+ 
rats, observed after a cocaine dose in the same range (10- or 20mg/kg), resulted solely 
from direct postsynaptic adaptations. activation of mch1R-gia depresses adenylate 
cyclase (ac) activity (hawes et al., 2000), whereas d1R activation increases ac activity 
(greengard, 2001). therefore, lack of mch1R-signaling enhances d1R-mediated 
activation of ac, thus increasing postsynaptic phosphorylation sensitivity (Fig. 5). 

loss of Pmch also affects the presynaptic da system, in addition to a postsynaptic 
effect. We observed increased dat levels and increased presynaptic dopaminergic 
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release capacity in the nac of pmch-/- rats. the latter observation seems to result from 
elevated relative expression of Vmat2 and Syn1. We propose that this effect results from 
loss of presynaptic mch1R-gi/o signaling (Fig. 5). interestingly, mice overexpressing 
dat showed reduced operant responding for milk, and increased sensitivity to the 
rewarding effects of amphetamine (salahpour et al., 2008). although the behavioral 
uncoupling in these mice is not as clear or well documented as in this study, both 
studies demonstrate the importance of dat levels regarding the correct regulation of 
da-induced reward mechanisms.

Pmch-/- rats are hypophagic (mul et al., 2010), but the exact mechanism behind the 
hypophagia is still unknown. mch blocks da-induced phosphorylation of gluR1ser845 in 
the acbsh (georgescu et al., 2005). as we did not observe differences in pgluR1ser845 
levels between genotypes during the light or the dark phase, we exclude that changes 
in pgluR1ser845 levels are causal to the hypophagia observed in pmch-/- rats. also, it has 
been demonstrated that mch reduced msn excitability by decreasing the amount of 
cell-surface gluR1-containing amPaRs (Robert sears, unpublished data). this indicates 
that not the relative phosphorylation state, but rather the amount of gluR1-containing 
amPaRs could be causal to the hypophagia in pmch-/- rats (Fig. 5). Finally, involvement 
of mch1R-signaling in other areas, such as the PVn and dmn can also contribute to 
the phenotypes observed in this study, and therefore remain to be studied in more 
detail. 

Pmch-/- rats showed increased cocaine-reinforced operant responding. elevation 
of PKa activity within the nac increases responding for cocaine in a PR schedule, and 
results in persistent motivational changes (lynch and taylor, 2005). increased PKa 
activation, resulting from a loss of postsynaptic inhibitory mch-mch1R signaling in 
combination with increased extracellular da levels through dat blockade by repeated 
cocaine administration, could therefore be at the basis of the drug phenotype observed 
in pmch-/- rats in this study. 

mch signaling between the lha and the nac has been implicated in communicating 
the hedonic, or rewarding aspects of feeding (saper et al., 2002). since repeated 
exposure to sugar sensitizes the response to drugs of abuse, it has been proposed 
that common neural substrates mediate these effects (le merrer and stephens, 2006).  
thus one would expect that loss of mch signaling would effect motivation to obtain 
palatable food or drugs of abuse in a similar manner. We here showed that this is not 
the case and propose that mch signaling selectively mediates motivation for food 
and thus provides a crucial signal with which hypothalamic neural circuits controlling 
energy balance guide frontal brain areas to shift motivation towards food. Without 
mch signaling, motivation away from food prevails.

in summary, we confirm that mch is an important regulator of motivational behavior 
by affecting limbic da function (Pissios et al., 2008; chung et al., 2009), an ability that is 
shared by other lha factors (harris et al., 2005; leinninger et al., 2009). incorrect control 
of caloric intake is one of the hallmarks for developing or maintaining obesity, and the 
development of mch1R-antagonists could be a possible way to reverse obesity. We 
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have recently shown that Pmch expression is important during early development and 
puberty, and that loss of mch-mch1R signaling lowers the body weight set point (mul 
et al., 2010), indicating that an mch1R-antagonist-based treatment could be especially 
effective in obese children. however, potential use of long-term mch1R-antagonism 
as an anti-obesity treatment in young children might result in developmental effects 
that increase vulnerability to drugs of abuse during adulthood.
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supplemental materIals

Table S1. gene name, gene id, and forward and reverse primer sequences for qPcR analysis of nac 
gene expression.

Gene Gene ID Forward primer Reverse Primer

cyclophilin ensRnog00000016781 acttcatgatccagggtggagact aagttctcatctgggaagcgctca

Drd1a ensRnog00000023688 aacagttgctatgctgactgggct ccaaatgccctcttgctttagggt

Drd2 ensRnog00000008428 ttgatagtcagccttgctgtggct tcctgctgaatttccactcaccca

GluR1 ensRnog00000002422 tgcggttgtgggtgccaattt agccgcatgttcctgtgattgttg

Darpp32 ensRnog00000028404 acccaaagtcgaagagacccaa tctcactcaggttgctgatggtct

Th ensRnog00000020410 ttcctacggagagctcctgcact gtttgatcttggtagggctgcaca

Vmat2 ensRnog00000008890 tcaccgtcgtggttcccatcat tggtggtctggatttccgtagagt

Syn1 ensRnog00000010365 ggttcgactacacaagaagcttgg actacagggtatgttgtgctgctg

htr2c ensRnog00000030877 atagccggttcaattcgcggacta tgctttcgtccctcagtccaatca
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Fig. S1. Supplementary 
analysis of high palatable 
food self-administration. 
(A) number of high 
palatable food pellets 
earned during the FR1 
sessions. the statistical 
analysis for total amount 
of pellets earned during 
the FR1 sessions revealed 
no significant effects for 
time (F(7,128) = 0.7, P = 
0.70), genotype (F(1,18) = 
0.7, P = 0.40) and no time 
x genotype interaction 
(F(7,128) = 1.0, P = 0.43). (B) 
total number of active 
lever presses (squares) 
and inactive lever presses (circles) during 15-s time out (to) periods of the FR1 sessions. the 
statistical analysis for active to lever presses revealed an significant effect for time (F(3,56) = 5.0, P < 
0.005), but not for genotype (F(1,18) = 1.6, P = 0.23) and no time x genotype interaction (F(3,56) = 1.7, P 
= 0.17). (c) total number of active lever presses (squares) and inactive lever presses (circles) during 
the extinction phase before cue-induced reinstatement (left panel), pellet-induced reinstatement 
(middle panel), and yohimbine-induced reinstatement (right panel). R = reinstatement session (n 
= 10 per group). data are shown as mean ± s.e.m.

Fig. S2. Supplementary 
analysis of cocaine self- 
administration.(A) number 
of cocaine infusions 
earned during the FR1 
sessions. the statistical 
analysis for total number of 
cocaine infusions revealed 
a significant effect for time 
(F(5,109) = 2.8, P < 0.05), but 
not for genotype (F(1,20) = 
0.5, P = 0.83) and no time 
x genotype interaction 
(F(5,109) = 0.6, P = 0.72). (B) 
total number of active 
nose pokes (squares) 
and inactive nose pokes 
(circles) during 15-s time 
out (to) periods of the FR1 sessions. the statistical analysis for active to responses revealed 
no significant effects for time (F(2,35) = 3.3, P = 0.06), genotype (F(1,20) = 0.3, P = 0.87) or a time x 
genotype interaction (F(2,35) = 0.3, P = 0.74). (c) total number of active responses (squares) and 
inactive responses (circles) during the extinction phase before cue-induced reinstatement (left 
panel) or drug-primed reinstatement (right panel). R = reinstatement session (n = 8-14 per group). 
data are shown as mean ± s.e.m.
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aBstraCt
the lateral hypothalamic neuropeptide melanin-concentrating hormone (mch) 
regulates energy homeostasis. loss of the mch-precursor Pmch in the rat (hereafter 
Pmch-/-) results in decreased body weight (bW) and white adipose tissue (Wat), 
primarily mediated by hypophagia. as Wat levels are stronger reduced than bW levels 
(~50% and ~20%, respectively), we investigated whether this discrepancy is induced in 
pmch-/- rats by chronic hypophagia, by Wat-specific adaptations, or by a combination 
of both. Weight of Wat and brown adipose tissue (bat), Wat morphology, expression 
of genes involved in thermogenesis in Wat and bat, and catecholamine content of 
Wat and plasma were investigated in pmch+/+ and pmch-/- rats. in addition, the effects 
of feeding on Wat function was investigated in pmch+/+ rats pair-fed to pmch-/- rats. 
We observed that pmch-/- rats have decreased visceral and subcutaneous Wat at 
different time points during rat maturation, predominantly resulting from a decrease 
in adipocyte size. Pair-feeding pmch+/+ rats to ad-libitum fed pmch-/- rats resulted in 
increased Wat levels in pair-fed pmch+/+ rats as compared to ad-libitum fed pmch-/- 
rats. this indicated that in addition to the hypophagia, other mechanisms negatively 
affect lipid storage in pmch-/- rats. expression of genes involved in thermogenesis, such 
as Ucp1, were elevated in subcutaneous Wat but not in bat or visceral Wat of pmch-/- 
rats. in addition, plasma catecholamine content, but not Wat catecholamine content, 
was elevated in pmch-/- rats as compared to pmch+/+ rats. We propose that, in addition 
to the direct effects of chronic hypophagia on adipose storage in pmch-/- rats, Pmch-
deficiency also resulted in secondary effects on Wat, likely mediated by an increased 
sympathetic input and consequently increased lipolysis. 
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IntroduCtIon
excess energy in the form of lipids can be stored in white adipose tissue (Wat), and 
the stored amount reflects the cumulative sum over time of the excess energy intake 
over energy expenditure (Rosenbaum et al., 1997). Wat deposition beyond physical 
needs results in obesity, generating several adverse health consequences (spiegelman 
and Flier, 2001). brown adipose tissue (bat) converts energy into heat via cold- or 
diet-induced nonshivering thermogenesis, essentially through the mitochondrial bat-
specific protein ucP1 (cannon and nedergaard, 2004). although bat is important for 
young organisms, recently it has been shown that adult humans have physiological 
functional bat levels as well (cypess et al., 2009; van marken lichtenbelt et al., 2009; 
Virtanen et al., 2009). 

the sympathetic nervous system (sns) innervates both Wat and bat (Wirsen 
and hamberger, 1967; slavin and ballard, 1978; bartness and bamshad, 1998), and 
net caloric deprivation triggers the sns to release catecholamines (epinephrine [epi] 
and norepinephrine [ne]; (migliorini et al., 1997). however, as bat receives more sns 
innervation compared to Wat, neural-derived catecholamines are believed to play a 
more important role in bat, whereas catecholamines derived from the circulation are 
supposed to play a relatively greater role in Wat (Robidoux et al., 2004). circulatory 
catecholamines are produced in the adrenal glands in response to stress, activity, and 
hypoglycemia (garber et al., 1976; cryer, 1980). ne and epi are physiological agonists 
of adrenergic receptor b3 (b3aR), which is the dominant receptor in differentiated 
adipocytes (Feve et al., 1991; dixon et al., 2001). activation of b3aR results in lipolysis 
(Wat and bat) and thermogenesis (bat, muscle), and affects adipocyte proliferation 
and differentiation (cannon and nedergaard, 2004). 

increased bat activity promoted energy expenditure and reduced adiposity in the 
mouse, thus being beneficial for overall health (Kopecky et al., 1995). interestingly, bat-
like cells are also interspersed within Wat in rodents (cousin et al., 1992; Xue et al., 
2007), and stimulation of b3aR increases the presence of ucP1-positive bat-like cells in 
rodent Wat (nagase et al., 1996; ghorbani et al., 1997; ghorbani and himms-hagen, 
1997; umekawa et al., 1997; guerra et al., 1998; yoshida et al., 1998; himms-hagen et 
al., 2000). 

the orexigenic hypothalamic neuropeptide melanin-concentrating hormone 
(mch) positively affects energy balance regulation (Pissios et al., 2006; Richard, 2007; 
Pissios, 2009). deletion of the mch-precursor Pmch in rats resulted in a lean anti-
obesity model, characterized by decreased food intake, fat mass, leptin levels, and 
energy expenditure (mul et al., 2010). however, Wat levels were stronger reduced 
than bW levels (~50% and ~20%, respectively) (mul et al., 2010). this suggested that 
other pathways in addition to the hypophagia might add to the decreased Wat levels 
in pmch-/- rats. For example, mch affects leptin expression in vitro in primary rat 
adipocytes through mch1R, the receptor for mch in rodents (bradley et al., 2000). 
mch also activates signaling pathways in vitro in 3t3-l1 cell lines (bradley et al., 2002). 
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however, mch does not affect lipolysis directly in vitro in murine adipocytes (bradley 
et al., 2005). 

here we investigated whether the discrepancy between decreased bW and Wat 
levels in pmch-/- rats is induced by chronic hypophagia, by Wat-specific adaptations, 
or by a combination of both. to study this, we used an array of histological and 
gene expression techniques in pmch+/+ and pmch-/- rats. in addition, we analyzed 
catecholamine content in Wat and blood plasma, and used a pair-feeding paradigm 
to differentiate between the hypophagic effects on adipose function and additional 
effects on adipose function in pmch-/- rats.

materIal & methods
Animals. the animal care committee of the Royal dutch academy of science approved all 
experiments according to the dutch legal ethical guidelines. Previously described pmch-/- rats 
(mul et al., 2010) were used in the present study. two rats were housed together, unless noted 
otherwise, under controlled experimental conditions (12 h light/dark cycle, light period 0600-1800, 
21±1°c, ~60% relative humidity). standard fed diet (semi high-protein chow: Rm3, 27% cP and 
12% F, 3.33 kcal/g aFe, sds, Witham, united Kingdom) and water was provided ad libitum unless 
noted otherwise. genotyping was done as previously described (mul et al., 2010). genotypes 
were reconfirmed when experimental procedures were completed. only male rats were used in 
this study. 

WAT weight and morphology. Rats were sacrificed at postnatal day (Pnd) 40, 60, or 120 by 
decapitation after measuring bW. the left and right subcutaneous (sWat) and perirenal (PWat) 
fat pads, the left lateral liver lobe, and the adrenal glands were isolated and weighed together, 
and adipose tissue volume was measured. afterwards, Wat samples were collected in 4% 
formaldehyde, rotated overnight at room temperature (Rt), rinsed with 70% ethanol for 2 hrs, 
96% ethanol for 2 hrs, twice with 100% ethanol for 1.5 hrs, 2 hrs in xylene, and embedded in 
paraffin overnight. samples were then cut in 14µm sections and stained with eosin. Per animal, 
10 sections were cut at positions distributed equally throughout the tissue to minimize for local 
effects. average adipocyte cell diameter was then measured using nih imageJ software. using 
the average adipocyte cell diameter, adipose tissue volume, and correcting for the percentage 
non-adipocyte tissue, an estimated number of total adipocyte cells was calculated. 

Hormone measurements. Pmch+/+ and pmch-/- rats were sacrificed at Pnd 40, 60, or 120 by 
decapitation, and whole blood was collected. blood samples were allowed to clot at Rt for 30’ 
and centrifuged at 2150 rcf for 15’ at 4°c. serum samples were then aliquoted and stored at -80°c 
until analysis. serum leptin and insulin levels were measured as previously described (mul et al., 
2010). 

IBAT weight. after bW measurement, rats were sacrificed at Pnd 140 by decapitation and the 
interscapular bat (ibat) fat pad was isolated and weighed. 

Pair-feeding (PF) experiment. all pmch+/+ and pmch-/- pups had access to shP diet in their 
maternal home cage and were weaned and housed individually at Pnd 25. after weaning, shP 
diet and water was provided ad libitum. a second group of pmch+/+ rats was pair-fed (PF) to 
pmch-/- rats from Pnd 25 until Pnd 59. bW, food intake, and water intake of all three groups were 
monitored every other day between Pnd 25 and 59. the average food intake of the pmch-/- rats 
of the previous two days was calculated and provided to the PF group. PF rats thus received 
chow every other day. at Pnd 60, the left whole sWat fat pad, the left whole PWat fat pad, the 
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interscapular bat fat pad were, and the hypothalamus were isolated during the early afternoon, 
snap-frozen in liquid nitrogen, and stored at -80ºc until analysis. the right whole sWat fat pad, 
the right whole PWat fat pad, and the whole liver were isolated and weighed. 

Qualitative RT-PCR. For the determination of relative gene expression levels in ibat and Wat we 
used left sWat, left PWat, and ibat samples derived from pmch+/+ and pmch-/- rats at Pnd 40 
during the early afternoon. all samples were processed and analyzed as described before (mul et 
al., 2010). Primers for cyclophilin forward: acttc atgat ccagg gtgga gact; reverse: aagtt 
ctcat ctggg aagcg ctca), Ucp1 (forward: tcagc tttgc ttccc tcagg attg; reverse: 
agccg agatc ttgct tccca aaga), cox8b forward: agcca aatct cccac ttctg ccat; 
reverse: taaga cccat cctgc tggaa ccat), and Adr3B forward: agtcc accgc tcaac 
aggtt tgat; reverse: agctt ccttg ctgga tcttc acg) were designed using scitools 
PrimerQuest (idt).

Immunohistochemistry. Paraffin sections from sWat and PWat samples of young (Pnd 40) and 
adult (Pnd 120) pmch+/+ and pmch-/- rats were incubated with anti-ucP1 antibody for 18 hrs 
(1/1000, abcam, cambridge, uK). after rinsing, sections were incubated with envision® (dako, 
heverlee, belgium) for 30’, rinsed, and incubated with 3’3’-diaminobenzidine (dab) containing 
0.15% nickel ammonium sulphate for 10’. subsequently, the slides were background stained for 2’, 
rinsed, dehydrated and coverslipped with Pertex® (histolab, gothenburg, sweden). 

Catecholamine measurements. We measured plasma norepinephrine and epinephrine by 
radioenzymatic assay as described before (Peuler and Johnson, 1977). assay sensitivity was 5 pg/
tube. Frozen mesenteric adipose tissue (mWat) and sWat samples were weighed and placed 
into 10 ml tubes containing 2 ml of 0.01 m hclo4. samples were completely homogenized using 
a tissue homogenizer (heidolph diax 900) at maximum speed, and placed on ice for 1 hr. all 
samples were diluted to 145 mg/ml (mWat) and 395 mg/ml (sWat) using ddh2o. after vortexing, 
0.5 ml of every sample was transferred to a new tube containing 0.1 ml of chloroform, and samples 
were spinned down at 16100xg, at 4°c for 10’. supernatant was transferred to a new tube and 
used for ca measurement. For ca measurement, aliquots containing 5 mg of mesenteric adipose 
tissue (34µl of supernatant) or 12 mg of subcutaneous adipose tissue (30µl of supernatant) were 
used. ca adipose data is shown as ng/per gram adipose wet weight (ww). 

Data analysis. all data are shown as mean ± s.e.m. all data were analyzed using a commercially 
available statistical program (sPss for macintosh, version 16.0) and were controlled for normality 
and homogeneity. differences in longitudinal bW, food intake, and water intake were assessed 
using repeated measure analysis, followed by bonferroni post hoc analyses if significant overall 
interactions were observed. Wat tissue weight and hormone levels in the PF experiment were 
assessed by one-way anoVa, followed by bonferroni post hoc analyses if significant overall 
interactions were observed. all other data were analyzed using a student’s t-test. the null 
hypothesis was rejected at the 0.05 level.  

results
WAT deficiency in pmch-/- rats. at Pnd 40, 60, and 120, the bW of pmch-/- rats was 
decreased as compared to pmch+/+ rats (82%, 81%, and 77% respectively; Fig. 1a). 
subcutaneous adipose mass (sWat) and visceral perirenal adipose mass (PWat) was 
also decreased in pmch-/- rats as compared to pmch+/+ rats at Pnd 40, 60, and 120 (71%, 
65%, and 56% respectively for sWat; 65%, 52%, and 47% respectively for PWat; Fig. 1b, 
and c). total adipose mass (sWat and PWat together) was decreased in pmch-/- rats 
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as compared to pmch+/+ rats at Pnd 40, 60, and 120 (70%, 61%, and 52%, respectively; 
all P < 0.005, student’s t-test; data not shown). moreover, adipose mass normalized for 
bW (g/100g bW) was also decreased in pmch-/- rats as compared to pmch+/+ rats at Pnd 
40, 60, and 120 (80%, 76%, and 70%, respectively; Fig. 1d), indicative of a decreased 
ability to accumulate adipose in pmch-/- rats compared to pmch+/+ rats. nutrient intake 
levels normalized for bW (kcal/100g body weight) did not differ significantly or were 
even increased in pmch-/- rats as compared to pmch+/+ rats during adulthood (Pnd 
60 and later), whereas the relative bW of pmch-/- rats as compared to pmch+/+ rats 
remained stable (~80%) at Pnd 60 and later (mul et al., 2010). this observation, in 
combination with the observation that adipose mass per 100 gram bW kept decreasing 
between Pnd 60 and 120, provided additional support that adipose accumulation is 
decreased in pmch-/- rats because of decreased lipogenesis, increased lipolysis, or a 
combination of both. serum leptin levels were decreased in pmch-/- rats as compared 
to pmch+/+ rats at Pnd 40, 60, and 120 (Fig. 1e), mirroring the decreased adipose levels. 
serum insulin levels did not differ significantly between genotypes at Pnd 40 and 60, 
but were decreased in pmch-/- rats as compared to pmch+/+ rats at Pnd 120 (Fig. 1F). 
the decreased leptin and insulin levels at Pnd 120 confirmed earlier observations in 
adult pmch-/- rats on a shP diet (mul et al., 2010). liver weights, normalized for bW, 
were decreased in pmch-/- rats as compared to pmch+/+ rats at Pnd 40 and 60 (88% and 
94%; P<0.05, student's t-test), whereas no significant difference between genotypes 
was observed at Pnd 120 (96%; data not shown). adrenal gland weights, normalized 
for bW, did not differ significantly between genotypes at Pnd 40 and 60 (103%, 109%, 

Figure 1. WAT levels in pmch-/- rats. effects of Pmch-deficiency on (a) bW, (b) sWat weight, (c) 
PWat weight, (d) Wat weight (sWat and PWat combined) normalized for bW (g/100g bW), (e) 
serum leptin levels, and (F) serum insulin levels in pmch+/+ and pmch-/- rats at Pnd 40, 60, and 120 
(n = 8-15 per group). *P < 0.05; **P < 0.005; ***P < 0.001. data are shown as mean ± s.e.m.
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respectively), but showed an increased trend in pmch-/- rats as compared to pmch+/+ 
rats at Pnd 120 (110%; P=0.06, student’s t-test; data not shown). 

Decreased adipocyte cell size in pmch-/- rats. average adipocyte cell size (acs) in 
sWat of pmch-/- rats showed a decreased trend at Pnd 40 (P=0.07, student’s t-test), 
but was decreased as compared to pmch+/+ rats at Pnd 60 and 120 (Fig. 2a). acs in 
PWat of pmch-/- rats was decreased at all three Pnds as compared to pmch+/+ rats (Fig. 
2b). average adipocyte cell number (acn) of sWat from pmch-/- rats was decreased as 
compared to pmch+/+ rats at Pnd 40, but did not differ significantly between genotypes 
at Pnd 60 and 120 (Fig. 2c). acn of PWat of pmch-/- rats did not differ significantly 
between genotypes at Pnd 40, but was decreased as compared to pmch+/+ rats at 
Pnd 60, and showed a decreased trend at Pnd 120 (P=0.07, student’s t-test; Fig. 
2d). in addition, PWat adipocytes showed an increased acs as compared to sWat 
adipocytes (Fig. 2a, and b). 

Less severe WAT reduction in pair-fed pmch+/+ rats. to investigate if the decreased 
Wat levels might be a cumulative effect of the hypophagia observed in pmch-/- rats 
(mul et al., 2010), we pair-fed pmch+/+ rats (PF) to pmch-/- rats from Pnd 25 till Pnd 60. 
the bW of ad libitum fed pmch-/- rats was decreased as compared to ad libitum fed 
pmch+/+ rats (78% at Pnd 60; P<0.001, bonferroni post hoc analysis; Fig. 3a, and b). 
although the bW of PF and ad libitum fed pmch+/+ rats did not differ significantly at 
Pnd 25, the bW of PF rats decreased rapidly and remained decreased as compared to 

Figure 2. WAT morphology in pmch-/- rats. effects of Pmch-deficiency on (a) average sWat 
adipocyte area, (b) average PWat adipocyte area, (c) average sWat adipocyte cell number, and 
(d) average PWat adipocyte cell number in pmch+/+ and pmch-/- rats at Pnd 40, 60, and 120 (n = 
8-15 per group; *P < 0.05; **P < 0.005). data are shown as mean ± s.e.m.
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Figure 3. Feeding effects on WAT. effects of pair-feeding on (a) bW, (b) relative bW, (c) food 
intake, (d) water intake, (e) sWat and PWat weight, and (F) sWat and PWat weight normalized 
for bW, (g) serum leptin levels, and (h) serum insulin levels in ad libitum fed pmch+/+ rats (Wt 
ad libitum; n = 6), ad libitum fed pmch-/- rats (hom ad libitum; n = 14), or pmch+/+ rats that were 
pair-fed to ad libitum fed pmch-/- rats (Wt PF; n = 7). †P< 0.001, pmch+/+ rats vs. pmch-/- rats; §P< 
0.001, pmch+/+ rats vs. Wt-PF rats; #P< 0.005, pmch-/- rats vs. Wt-PF rats; **P < 0.005; ***P < 0.001. 
data are shown as mean ± s.e.m.
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ad libitum fed pmch+/+ rats during the remainder of the experiment (78% at Pnd 60; 
P<0.001, bonferroni post hoc analysis; Fig. 3a, and b). the bW of PF rats did not differ 
significantly from the bW of ad libitum fed pmch-/- rats (Fig. 3a, and b). Food intake of 
the ad libitum fed pmch-/- and PF rats was decreased as compared to ad libitum fed 
pmch+/+ rats during the complete length of the experiment (P<0.001, bonferroni post 
hoc analysis; Fig. 3c). Water intake of the ad libitum fed pmch-/- rats was decreased as 
compared to ad libitum fed pmch+/+ rats during the complete length of the experiment 
(P<0.001, bonferroni post hoc analysis; Fig. 3d). Water intake of the PF rats showed an 
intermediate phenotype and was decreased as compared to ad libitum fed pmch+/+ rats 
(P<0.001, bonferroni post hoc analysis), but was increased as compared to ad libitum 
fed pmch-/- rats (P<0.005, bonferroni post hoc analysis; Fig. 3d). sWat mass, harvested 
at Pnd 60, was decreased in ad libitum fed pmch-/- rats as compared to ad libitum fed 
pmch+/+ rats and PF rats, whereas sWat mass did not differ significantly between ad 
libitum fed pmch+/+ rats and PF rats (Fig. 3e). PWat mass, harvested at Pnd 60, was 
decreased in ad libitum fed pmch-/- rats as compared to ad libitum fed pmch+/+ rats 
and PF rats, and decreased in PF rats as compared to ad libitum fed pmch+/+ rats (Fig. 
3e). sWat, normalized for bW, showed a decreased tendency in ad libitum fed pmch-/- 
rats as compared to ad libitum fed pmch+/+ rats (P=0.08, bonferroni post hoc analysis), 
whereas it was decreased in ad libitum fed pmch-/- rats as compared to PF rats (Fig. 3F). 
PWat, normalized for bW, was decreased in ad libitum fed pmch-/- rats as compared to 
ad libitum fed pmch+/+ rats and PF rats (Fig. 3F). both sWat and PWat mass normalized 
for bW were not significantly different between ad libitum fed pmch+/+ rats and PF rats 
(Fig. 3F). serum leptin levels were decreased in ad libitum fed pmch-/- rats as compared 
to ad libitum fed pmch+/+ rats, reflecting the decreased adipose levels (Fig. 3e, and 3g). 
however, serum leptin levels were increased in PF rats as compared to both ad libitum 
fed pmch+/+ rats and ad libitum fed pmch-/- rats (Fig. 3g). serum insulin levels did not 
differ significantly between ad libitum fed pmch-/- rats and pmch+/+ rats (Fig. 3h). serum 
insulin levels in PF rats were increased as compared to ad libitum fed pmch-/- rats, 
and showed an increased trend as compared to ad libitum fed pmch+/+ rats (P=0.08, 
bonferroni post hoc analysis; Fig. 3h).

BAT weight in pmch-/- rats. at Pnd 140, the bW of pmch-/- rats was decreased as compared 
to pmch+/+ rats (16% decreased in pmch-/- rats; Fig. 4a). interscapular bat (ibat) mass, 
and ibat mass normalized for bW did not differ significantly between genotypes (11% 
decreased, and 4% increased in pmch-/- rats, respectively; Fig. 4b, and c). 

Increased plasma catecholamine levels in pmch-/- rats. epi and ne levels were 
determined in sWat, mesenteric Wat (mWat), and blood plasma samples of pmch+/+ 
and pmch-/- rats at Pnd 120. epi and ne levels did not differ significantly between 
genotypes in sWat and mWat (Fig. 5a, and b). however, epi and ne levels in plasma 
of pmch-/- rats showed increased trends compared to pmch+/+ rats (P=0.06 and P=0.08, 
respectively, student’s t-test; Fig. 5c).
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Figure 4. IBAT in pmch-/- rats. effects of Pmch-deficiency on (a) bW, (b) interscapular ibat weight, 
and (c) ibat weight normalized for bW (g/100g bW) in pmch+/+ rats and pmch-/- rats at Pnd 120 
(n=6-8 per group; *P < 0.05) of pmch+/+ rats and pmch-/- rats (n = 6-8 per group; *P < 0.05) at Pnd 
60. Percentage of pmch-/- value relative to control value is shown in bar. data are shown as mean 
± s.e.m.

Figure 5. Catecholamine levels in pmch-/- rats. effects of Pmch-deficiency on (a) epi levels in 
mWat (ng/gram wet weight), sWat (ng/gram wet weight), and blood plasma (ng/ml) and (b) ne 
levels in mWat (ng/gram ww), sWat (ng/gram ww), and blood plasma (ng/ml) in pmch+/+ rats and 
pmch-/- rats at Pnd 120 (n = 7-10 per group). data are shown as mean ± s.e.m.

Thermogenic gene expression in WAT and BAT of pmch-/- rats. Relative expression 
levels of Ucp1 and cox8b, both highly selective bat genes (seale et al., 2007), and 
b3AR was analyzed in ibat, sWat, and PWat of pmch+/+ and pmch-/- rats by qualitative 
Rt-PcR. Relative expression of Ucp1, cox8b, and b3AR in ibat did not differ significantly 
between genotypes (Fig. 6). Relative expression of Ucp1 and cox8b showed an 
increased trend in sWat of pmch-/- rats as compared to pmch+/+ rats (P=0.11 and 
P=0.12; respectively, student’s t-test), whereas no difference in relative b3AR expression 
was observed (Fig. 6). Relative expression of Ucp1, cox8b, and b3AR in PWat did not 
differ between genotypes (Fig. 6).
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UCP1 immunohistochemistry. single-locular white adipocytes in PWat of pmch+/+ and 
pmch-/- rats at Pnd 40 stained negative, whereas multilocular brown adipocytes in ibat 
or multilocular brown-like adipocytes in PWat stained positive for ucP1 (Fig. 7a, b, 
and c).

dIsCussIon
in this study we show that in addition to the pronounced effect of Pmch-deficiency on 
feeding, Pmch-deficiency also has an indirect negative effect on lipid accumulation 
in Wat. We propose that this additional negative effect results from the increased 
presence of catecholamines in blood plasma of pmch-/- rats. 

to distinguish between the hypophagic effect of Pmch-deficiency on Wat levels 
and other potential indirect effects, we pair-fed wild type rats to ad-libitum fed pmch-/- 
rats from Pnd 25 till 60. this resulted in equal bW, equal food intake, increased water 
intake, and increased PWat and sWat levels in PF rats as compared to pmch-/- rats. 

Figure 6. Quantitative RT-PCR 
analysis in pmch-/- rats. effects of 
Pmch-deficiency on relative Ucp1, 
cox8b, and b3AR expression in bat, 
sWat, and PWat of pmch+/+ rats 
and pmch-/- rats at Pnd 40 (n = 6 per 
group). data are shown as mean ± 
s.e.m.

Figure 7. UCP1 Immunohistochemistry. single-locular white adipocytes in PWat of a exemplary 
pmch-/- rat stained negative for ucP1 (negative control, x200 magnification; a), whereas multilocu-
lar brown adipocytes in bat stained positive (brown stain; positive control; x400 magnification; 
b), as well as multilocular brown-like adipocytes surrounded by negatively-stained single-locular 
white adipocytes in PWat (x400 magnification; c). 
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thus, although bW did not differ significantly between PF and ad-libitum fed pmch-/- 
rats, sWat and PWat levels were increased. this indicated that other mechanisms in 
addition to the observed hypophagia affected Wat levels in pmch-/- rats as compared 
to pmch+/+ rats before Pnd 60. 

however, two things should be noted. First, the pair-feeding paradigm (regularly 
handling) decreased Wat levels in both ad-libitum fed pmch+/+ and pmch-/- rats as 
compared to ad-libitum fed pmch+/+ and pmch-/- rats used for the basal characterization 
at Pnd 60 (Fig. 1b, c, and 3e). this was reflected by lower serum leptin and insulin levels 
in ad-libitum fed pmch+/+ and pmch-/- rats of the pair-feeding experiment as compared 
to ad-libitum fed pmch+/+ and pmch-/- rats used for the basal characterization (Fig. 1e, F, 
3g, and h). second, a pair-feeding paradigm likely induces stress-responses, especially 
when the food intake of the ‘paired’ rat is not given acutely, but when average food 
intake is given daily or every two days. therefore, although not documented well, pair-
feeding paradigms potentially dysregulate biological rhythms of for example glucose, 
insulin, leptin, and corticosterone. however, PF rats demonstrated increased serum 
leptin and insulin levels as compared to ad-libitum fed pmch+/+ rats. interestingly, 
increased leptin levels as compared to ad-libitum fed wild type rats were also observed 
in wild type rats that were fed at six regular time points per day (Kalsbeek et al., 2001). 
PF rats were slightly food-deprived (~80%) and show decreased bW levels (~80%; 
this study), whereas regular-fed wild type rats are also slightly food-deprived (~80%), 
but show no aberrant bW levels (strubbe et al., 1987; Kalsbeek and strubbe, 1998; la 
Fleur et al., 1999; Kalsbeek et al., 2001). thus, in both scenarios lower leptin levels as 
compared to ad-libitum fed wild type rats would be expected. in addition, increased 
insulin levels were not observed in regular-fed wild type rats (strubbe et al., 1987; 
Kalsbeek and strubbe, 1998; la Fleur et al., 1999), whereas PF rats showed slightly but 
not significantly elevated insulin levels as compared to ad-libitum fed pmch+/+ rats. 
the PF rats were provided with chow every other day, and PF rat chow supplies were 
always depleted somewhere during the second night (data not shown). as PF rats were 
sacrificed 24hr after they were provided with chow, enabling active feeding behavior 
during that time, relative increased leptin and insulin levels might reflect responses to 
feeding and the subsequent adipocyte nutrient flux (Wang et al., 1998). 

decreased Wat and serum leptin levels at Pnd 40, 60, and 120 reflected the 
decreased bW levels at Pnd 40, 60, and 120, confirming earlier observations in adult rats 
(mul et al., 2010). serum insulin levels were decreased in pmch-/- rats at Pnd 120, again 
confirming earlier observations in adult animals (mul et al., 2010). however, insulin levels 
did not differ significantly between pmch+/+ and pmch-/- rats at Pnd 40 and 60 during 
the basal characterization (Fig 1F), or at Pnd 60 during the pair-feeding paradigm (Fig. 
3h). mch is known to be an enhancer of insulin secretion (Pissios et al., 2007), thus loss 
of Pmch is expected to abolish this enhancement in pmch-/- rats. moreover, pmch-/- rats 
demonstrated decreased Wat levels at Pnd 40 and 60, and decreased adipose mass 
is expected to be accompanied by decreased insulin levels. despite this, insulin levels 
at Pnd 40 and 60 did not differ significantly between genotypes, or even appeared 
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to be slightly but not significantly elevated in pmch-/- rats (Pnd 40). although insulin 
levels are not significantly increased in pmch-/- rats at Pnd 40 as compared to wild 
type rats, this observation is intriguing considering the finding that pmch-/- rats showed 
decreased bW growth as compared to wild type rats until approximately Pnd 55-60 
(mul et al., 2010). thus, potential aberrant regulation of insulin release, especially at a 
younger age (<Pnd 55-60), might be reflected by relatively high insulin levels in pmch-/- 
rats at Pnd 40. the relatively high insulin levels might affect central insulin signaling 
and subsequent body weight growth during this period. however, more studies will be 
needed to investigate and fully explain our observations. 

liver weights were decreased in pmch-/- rats at Pnd 40, 60, and 120. however, liver 
weights normalized for bW, remained decreased in pmch-/- rats, suggesting decreased 
cell mass or lipid storage in pmch-/- rats at all three time points. in an earlier study, 
although with a smaller group of animals, no significant difference was observed 
between genotypes (mul et al., 2010). adrenal gland weights were also decreased in 
pmch-/- rats at Pnd 40, 60, and 120. however, adrenal gland weights, normalized for 
bW, were slightly albeit not significantly elevated in pmch-/- rats at Pnd 40, 60, and 120. 
this suggests that the proposed increased sympathetic nervous activity in pmch-/- rats 
might be reflected by increased adrenal gland mass per bW, and subsequent increased 
plasma catecholamine levels. 

a decreased acs reflected the decreased Wat levels in pmch-/- rats, whereas the 
difference in acn between genotypes was not as clear. moreover, in vitro treatment 
of 3t3-l1 cells with mch did not affect adipocyte differentiation (data not shown). 
therefore, we conclude that Pmch-deficiency has a primary effect on adipocyte size, 
whereas a potential effect on adipocyte differentiation, if any, is likely secondary. 

as bat levels have significant effects on thermogenesis (Kopecky et al., 1995; 
cannon and nedergaard, 2004), we measured ibat levels in adult pmch+/+ and 
pmch-/- rats. both absolute ibat levels, as ibat levels normalized for bW did not differ 
significantly between genotypes. thus, Pmch-deficiency in the rat has no clear effects 
on ibat mass. 

activation of b3aR by catecholamines results in lipolysis (Wat and bat) and 
thermogenesis (bat, muscle; cannon and nedergaard, 2004). however, both epi and 
ne levels measured in mWat and sWat did not differ significantly between genotypes, 
suggesting that Pmch-deficiency in the rat did not affect Wat lipolysis by direct effects 
on the sns innervation of Wat. however, we did not measure catecholamine-turnover, 
which can affect lipolysis during prolonged fasting (migliorini et al., 1997). therefore, 
although catecholamine levels in Wat did not differ between genotypes, changes in 
catecholamine turnover might affect lipolysis in hypophagic pmch-/- rats. 

catecholamine levels in blood plasma were increased, although not significantly, 
and these elevations might have physiological effects. interestingly, expression of 
Ucp1 and cox8b, both highly-selective bat genes (seale et al., 2007), were increased, 
although not significantly in sWat samples derived from pmch-/- rats at Pnd 40 as 
compared to pmch+/+ rats. no changes were observed in PWat and bat of pmch-/- rats. 
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treatment with a b3aR-agonist increased the expression of Ucp1 and cox8b in PWat 
of obese (fa/fa) Zucker rats (oana et al., 2005). therefore, we hypothesize that the 
slightly increased plasma catecholamine levels were elevated enough to affect function 
of bat-like cells in sWat, whereas the function of bat-like cells in PWat remained 
unaffected. moreover, it will be interesting to investigate expression levels in an age-
dependent manner. 

mch1r-deficent mice demonstrated an increased heart rate (astrand et al., 2004). 
however, administration of metoprolol, an adrenergic antagonist and sympathetic 
blocker, completely reversed the tachycardia seen in mch1r-deficent mice (astrand et 
al., 2004). although plasma catecholamines levels were not measured in the study, 
the data strongly suggested that the mch-system is an important tonic regulator 
of sympathetic nervous activity (astrand et al., 2004). additional studies have shown 
that chronic mch-infusions induce brachycardia and reduce mean arterial pressure 
(hypotension), which is achieved by activating mch1Rs in the medial nucleus tractus 
solitarius (mnts) and the activation of the vagus nerve (brown et al., 2007; messina 
and overton, 2007). in sum, these data and the data presented in this study indicate 
that the modification of the mch-system affects sympathetic nervous activity, thus 
influencing cardiovascular function and lipid metabolism. 

Finally, multiple studies have shown the presence of ‘bat’-like cells in rodent Wat 
(cousin et al., 1992; Xue et al., 2007). using ucP1 immunohistochemistry, we identified 
ucP1-positive bat-like cells in PWat of pmch+/+ and pmch-/- rats at Pnd 40. although 
we investigated several animals (n=7-11 per group), these ucP1-positive bat-like cells 
were rarely present in sWat of pmch+/+ and pmch-/- rats at Pnd 40, and in PWat and 
sWat of pmch+/+ and pmch-/- rats at Pnd120 (data not shown). as sns innervations 
of Wat are local, the analysis of the total amount of bat-like ‘islets’ in Wat samples 
can be strongly influenced by the site of immunohistochemistry analysis. Furthermore, 
several studies have shown that Wat can also contribute to ucP1-independent 
thermogenesis, especially when treated chronically with a ß3aR agonist (grujic et al., 
1997; ito et al., 1998; gong et al., 2000; granneman et al., 2003). moreover, chronic 
treatment with a b3aR agonist did increase in vitro respiration in Wat, but not in bat 
(granneman et al., 2003). in this study, Wat function also appeared affected, whereas 
no distinct effect on bat function was observed. ucP1-independent thermogenesis 
might thus also be affected in pmch-/- rats, something that cannot be quantified by just 
measuring ucP1 positive-stained cells. 

the orexigenic hypothalamic neuropeptide mch has been the subject of many 
studies, as functional inhibition of mch or mch1R might result in an anti-obesity 
treatment (handlon and Zhou, 2006). many studies have focused on the central effects 
of loss of Pmch, resulting in hypophagia and affecting energy expenditure (shimada et 
al., 1998; alon and Friedman, 2006; Pissios et al., 2006; Pissios, 2009; mul et al., 2010). 
We now show that Pmch-deficiency in the rat has additional effects on Wat levels, 
independent from its effects via hypophagia. We propose that the deletion of Pmch 
results in an increased sympathetic activity, which selectively affects Wat, thereby 
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changing the balance more in favor of lipolysis over lipogenesis. understanding the 
mechanisms how Pmch-deficiency affects the autonomic balance might help the 
potential development of an obesity treatment based on mch function. 
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aBstraCt
in this study we describe a novel rat model of peripheral neuropathy, generated 
by n-ethyl-n-nitrosourea mutagenesis, which displays hindlimb paralysis and 
lipodystrophy. While pronounced early after onset during the second postnatal week, 
both of these phenotypes attenuated over time. a forward screen identified a region 
on chromosome 6, suggesting that a mutation in the Lpin1 gene, which encodes 
the phosphatidate phosphatase (PaP1) enzyme lipin 1, could underlie the observed 
phenotypes. indeed, the sequencing of Lpin1 revealed a missense mutation (Lpin11hubr) 
in the 5’-end splice site of exon18 affecting splicing, introducing an out-of-frame reading 
frame and a premature stop codon in exon19. biochemical and histological analysis of 
Lpin11hubr rats revealed that, while loss of PaP1 activity contributes to lipodystrophy 
and demyelination in sciatic nerve of Lpin11hubr rats, a potential preserved functional 
lipin 11hubr transcriptional activity may lead to the phenotype improvements observed 
in Lpin11hubr rats. this hypothesis is partially substantiated by our observation that of 
the two lipin 1 isoforms, lipin 1a and lipin 1b, lipin 1a modified in vitro transcriptional 
regulation of the myelination regulator Krox20. together these data indicate that the 
transcriptional function of lipin 1 is important for myelination and lipid metabolism, and 
suggest that lipin 1 might be an important regulator of the schwann cell myelination 
program.  
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IntroduCtIon
lipid metabolism is crucial for myelinating glial cell maturation and function due to 
the necessity to synthesize and maintain myelin membrane that contains a high level 
of cholesterol and phospho- and glycosphingolipids (garbay et al., 2000). accordingly, 
disorders associated with altered cholesterol metabolism (e.g. tangier disease and 
smith-lemli-opitz-syndrome) or fatty acid metabolism (Refsum’s disease and diabetes 
mellitus) often produce myelin and axonal defects (dyck and thomas, 2005). 

Previous studies have suggested that one of the key enzymes regulating nerve lipid 
metabolism is lipin 1 (Verheijen et al., 2003; nadra et al., 2008). Recent biochemical 
characterization of lipin 1 indicates that it is an mg2+-dependent phosphatidate 
phosphatase (PaP1) enzyme catalyzing the dephosporylation of phosphatidic acid 
(Pa), yielding inorganic phosphate and diacylglycerol needed for the synthesis of 
triacylglycerol, phosphatidylcholine, and phosphatidylethanolamine in mammals 
(han et al., 2006; donkor et al., 2007; harris et al., 2007; carman and han, 2009). the 
mammalian lipin protein family consists of three members, lipin 1, lipin 2, and lipin 
3 (Peterfy et al., 2001), which differ in tissue expression (donkor et al., 2007). human 
Lpin1 is expressed in multiple tissues with highest levels in white adipose tissue (Wat) 
and muscle (donkor et al., 2007). alternate splicing of Lpin1 generates two lipin 1 
isoforms that play distinct, but complementary, roles in adipogenesis: lipin 1a, which 
is predominantly nuclear and affects adipocyte differentiation, and lipin 1b, which is 
mostly cytoplasmic and induces lipogenic gene expression (Peterfy et al., 2005). the 
amino-terminal and carboxy-terminal regions of lipin 1 (nliP and cliP, respectively), 
and a predicted nuclear localization signal (nls) are highly conserved among the three 
mammalian lipin family members and among species (Peterfy et al., 2001). the cliP 
domain contains multiple key protein functional domains: four haloacid dehalogenase 
motifs and a transcription factor-binding motif (lXXil) (Finck et al., 2006; han et al., 2006; 
donkor et al., 2009). moreover, lipin 1 and lipin 2 have been predicted to possess the 
same structural organization as previously characterized had protein family members 
(donkor et al., 2009). 

in addition to its enzymatic function, the transcriptional coactivating role of lipin 1 
has been shown in murine hepatocytes where it regulates expression of genes involved 
in fatty acid oxidation (Finck et al., 2006). this is achieved by transcriptional activation 
of the PPARa gene, and by direct coactivation of PPARa in cooperation with Pgc-1a 
and p300 (Finck et al., 2006). thus, lipin 1, but probably also lipin 2 and lipin 3, have 
dual roles in lipid biosynthesis and gene expression (Finck et al., 2006; Reue and Zhang, 
2008). 

both increased or disrupted levels of Lpin1 gene expression lead to altered 
phenotypes. overexpression of Lpin1 in either adipose tissue or skeletal muscle 

promotes obesity when mice are fed a high-fat (adipose and muscle tissue) 
or chow diet (muscle tissue; (Phan and Reue, 2005). Fatty liver dystrophy 
(Lpin1fld/fld) mice, which carry a spontaneous null mutation for Lpin1 (Peterfy 
et al., 2001), are characterized by a neonatal fatty liver that resolves at 
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weaning, a progressive demyelinating neuropathy affecting peripheral nerves visible 
from postnatal day (Pnd) 10 onwards, a reduced body size, a floppy gait, tremors, and 
lipodystrophy (langner et al., 1991; Peterfy et al., 2001). Recently, mice with a schwann 
cell (sc)-specific deletion of Lpin1 were created resulting in sc abnormalities and 
neuropathy similar to the full Lpin1 knockout (Lpin1fld/fld) mice (nadra et al., 2008). this 
indicated that the neuropathy is a direct consequence of the absence op lipin 1 – and 
the subsequent dysregulation of storage lipid metabolism – within scs. moreover, sc-
specific deletion of Lpin1 also revealed an interaction between Pa and the meK-erk 
pathway mediating sc dedifferentiation and proliferation (nadra et al., 2008). the 
recently characterized Lpin120884 mice show adult-onset transitory hindlimb paralysis 
(starting around postnatal week 6), characterized by a floppy gait and a tendency to 
clench the hind limbs in toward the body when suspended by the tail (douglas et 
al., 2009). these phenotypes were however less severe compared to Lpin1fld/fld mice, 
probably due to partial retention of PaP activity. the latter observation possibly also 
explains why Lpin120884 mice lack the fatty liver, the delayed hair growth, and the small 
size seen in preweaning Lpin1fld/fld mice (douglas et al., 2009). in humans, mutations in 
Lpin1 resulted in recurrent myoglobinuria or statin-induced myopathy, although these 
patients were not tested for peripheral neuropathy (Zeharia et al., 2008). 

here we describe an Lpin1 mutant allele in the rat (hereafter Lpin11hubr) characterized 
by early-onset peripheral neuropathy and lipodystrophy. however, these phenotypes 
attenuated over time. the Lpin11hubr mutation resulted in out-of-frame transcription, 
thereby disrupting lipin 1 had domain 4 and completely inactivating PaP1 activity. 
We also show that lipin 1a had a positive effect on expression of the important 
myelination affecter Krox20 in primary scs in vitro. We thus propose that lipin 1a might 
be an important regulator of the schwann cell myelination program. moreover, we 
hypothesize that the transcription factor-binding motif of lipin 11hubr is functional and 
has kept its capacity to control lipid metabolism gene expression. this may underlay 
the observed attenuation of the peripheral neuropathy and lipodystrophy phenotype 
in Lpin11hubr rats at Pnd 49 and onward, mirrored by increased adipose mass in adult 
Lpin11hubr rats and an adult Lpin11hubr mutant sciatic nerve morphology at Pnd 90 that 
resembles the sciatic nerve morphology of wild type rats at Pnd 21. 

materIal and methods
Identification of Lpin11Hubr rats. Following an n-ethyl-n-nitrosourea (enu)-mutagenesis screen 
(smits et al., 2006), an accidental brother-sister mating between two F3 animals (Wistar/crl 
background; outcrossed twice to wild type Wistar background) revealed offspring that could be 
identified approximately between Pnd 7 and 14 by hindlimb paralysis and hindquarter muscle 
wasting. 

Forward screen, Sequencing, and Experimental Rats. the animal care committee of the Royal 
dutch academy of science and the university of lausanne approved all experiments according to 
the dutch and swiss legal ethical guidelines. For the mapping cross, the two initial F3 carriers of the 
Lpin11hubr mutation were outcrossed with brown norway animals (bn/crl). F4 Wistar/bn rats were 
intercrossed to identify them as carriers of the mutation and to generate offspring homozygous 
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for the mutation. after onset of the phenotype, dna was isolated from F5 wild type/heterozygous 
and homozygous Wistar/bn offspring. dna was processed as described before (nijman et al., 
2008), and a previous described Wistar/bn snP panel (nijman et al., 2008) was used to map the 
genotype in F5 Wistar/bn rats. in total, the snP distribution pattern for 67 mutant Wistar/bn F5 
rats was determined. Primers were designed to cover each exon with partial intron overhang, and 
sequencing of Lpin1 in 4 wild type/heterozygous and 4 mutant pups revealed a missense mutation 
(t>a) in the conserved 5’-end splice site of exon18. in addition to the cross to bn/crl animals, the 
initial F3 carriers of the Lpin11hubr mutation were also outcrossed to wild type Wistar/crl animals for 
4 additional generations to eliminate confounding effects from background mutations induced 
by enu. it has been previously described that outcrossing six times to a wild type background 
decreases the total number of random background mutations to 1 (mul et al., 2010). however, we 
cannot fully exclude the presence of tightly linked confounding mutations in our rat model. F7 
Wistar/crl rats were used in all described experiments except for the mapping screen. 

Animal housing. Lpin11hubr pups were obtained at the expected mendelian frequency, and the 
phenotype was not gender specific. if more than 8 littermates were present and survivability of 
Lpin11hubr pups was compromised, wild type/heterozygous pups were removed as soon as the 
Lpin11hubr phenotype could be observed, until a total of 8 pups remained. chow pellets were also 
added to the maternal cage floor to increase feeding chances of Lpin11hubr pups. after weaning 
(Pnd 21), two rats were housed together, unless noted otherwise, under controlled experimental 
conditions (12 h light/dark cycle, light period 0600-1800, 21±1°c, ~60% relative humidity). the 
standard fed diet in our animal facility (semi high-protein chow: Rm3, 26.9% crude protein, 11.5% 
fat, and 61.6% carbohydrates; 3.33 kcal/g aFe; sds, Witham, united Kingdom) was provided 
ad libitum together with water. For the high-fat (hF) diet experiment, rats were given ad libitum 
access to a hF diet (45%-aFe, 20% crude protein, 45% fat, and 35% carbohydrates; 4.54 kcal/g 
aFe sds, Witham, united Kingdom) for 4 weeks starting at Pnd 90, and food intake and body 
weight were measured every week.  

Genotyping. genotyping was done using the KasPar snP genotyping system (Kbiosciences, 
hoddesdon, united Kingdom; as described by van boxtel et al., 2008) using gene-specific primers 
(forward common, gagcc ctttt atgct gcttt tggga a; reverse wild type, gaagg tgacc 
aagtt catgc tccac tgacc tcctc gggta; reverse homozygous, gaagg tcgga gtcaa 
cggat tctcc actga cctcc tcggg tt). all pups were genotyped at Pnd 21. genotypes 
were reconfirmed when experimental procedures were completed.

Quantitive RT-PCR. For all analyses, total Rna from complete sciatic nerve, endoneurium and 
Wat was isolated using the Qiagen Rneasy lipid tissue kit (Qiagen) following the manufacturer’s 
instructions. total Rna from muscle, brain, liver, and rat primary schwann cells was isolated in 
tRizol (invitrogen) reagent and purified with the Rneasy kit (Qiagen). Rna quality was verified by 
agarose gel and/or by Qiaxcel capillary electrophoresis device (Qiagen), and the concentration 
was determined by a nd-1000 spectrophotometer (nanodrop). total Rna (250–500 ng) was 
subjected to reverse transcription using the superscript iii First-strand synthesis system for 
Rt–PcR (invitrogen) following the manufacturer’s instructions. the resulting cdna was used as a 
template for relative quantitative Rt-PcR as described previously (de Preux et al., 2007). Results 
were normalized using the reference gene Ubiquitin. see supplemental table 1 for a complete list 
of oligonucleotides used for relative gene expression. 

Western blotting. tissues were lysed in ice-cold lysis buffer (20mm na2h2Po4, 250mm nacl, triton 
X-100 1%, sds 0.1%) supplemented with complete protease inhibitors (Roche). Protein levels 
were quantified using the bio-Rad protein assay with bsa as a standard. equal amounts of protein 
extracts were resolved by 10% sds-Page and electro-transferred onto a polyvinylidene difluoride 
(PVdF) membrane (amersham biosciences). blots were blocked in tris-buffered saline containing 
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0.1% tween (tbs-t) supplemented with 4% milk powder and subsequently incubated overnight at 
4°c in the same buffer supplemented with antibodies against Krox-20 (egr-2, covance), Krox-24 
(egr-1, ab-cam), p35 (santa cruz biotechnologies), and tubulin (sigma). after washing in tbs-t, 
blots were exposed to the appropriate horseradish peroxidase-conjugated secondary antibodies 
(dako) in tbs-t for 1 h at room temperature. Finally, blots were developed using the ecl reagents 
(Pierce) and Kodak scientific imaging Films (Kodak).

Microdissection of sciatic nerve. sciatic nerves were harvested at Pnd 21 or 90 and placed in 
ice-cold Pbs (ph 7.4). the perineurium and epineurium were gently dissected away from the 
endoneurium along the whole length of the nerve as previously described (Verheijen et al., 2003). 

PAP activity measurement. tissue samples were disrupted using a dounce homogenizer at 4°c in 
50mm tris-hcl (ph 7.5) buffer containing 0.25m sucrose, 1mm edta, 10mm b-mercaptoethanol, 
1mm benzamidine, 0.5mm PmsF, 5 mg/ml of aprotinin, leupeptin, and pepstatin.  the lysed cells 
were centrifuged at 1,000 × g for 10 min at 4°c, and the supernatant was used as cell extract. 
total Pa phosphatase activity (mg2+-dependent and mg2+-independent) was measured at 37°c 
for 20 min in the reaction mixture (total volume of 100ml) containing 50mm tris-hcl (ph 7.5), 
1mm mgcl2, 10mm b-mercaptoethanol, 0.2mm [32P]-Pa (5,000cpm/nmol), 2mm triton  X-100, 
and enzyme protein. the mg2+-independent Pa phosphatase activity was measured in the same 
reaction mixture except that 2mm edta was substituted for 1mm mgcl2. the mg2+-dependent Pa 
phosphatase activity was calculated by subtracting the mg2+-independent enzyme activity from 
total enzyme activity. a unit of Pa phosphatase activity was defined as the amount of enzyme that 
catalyzed the formation of 1nmol of product/min. specific activity was defined as u/mg protein.

WAT morphology. Rats were sacrificed at Pnd 4, 10, 21 or 90 by decapitation after measuring body 
weight, and the left and right dorsal subcutaneous Wat fat pads were harvested and weighed. 
afterwards, Wat samples were collected in 4% formaldehyde, rotated o/n at 4°c, rinsed twice 
with 100% ethanol for 2 hrs, left in xylene o/n at Rt, and embedded in paraffin. tissue was then 
cut in 5-µm sections and stained with hematoxylin and eosin. average adipocyte cell diameter was 
measured using nih imageJ software. 

Toluidine blue staining and morphometric analysis. semi-thin nerve cross-sections were stained 
with 1% toluidine blue and digitalized using the axioVision release 4.5 software (Zeiss). For each 
myelinated axon present, both an axonal area (defined by the inner limit of the myelin sheath) and 
a total fiber area (defined by the outer limit of the myelin sheath) were automatically measured 
using image analysis software (g-ratio calculator 1.0, image J plug-in, yannick Krempp, cellular 
imaging Facility, lausanne, switzerland). the g-ratio was calculated by dividing the axon area by 
total fiber area. each experimental group consisted of two rats. 

Oil-red-O staining. a fresh working solution of oil-red-o (sigma) was prepared by dilution of the 
oil-red-o stock solution (5 g/l in 98% isopropanol) in distilled water at a ratio of 3:2. the working 
solution was allowed to stand for 10 min after mixing and was filtered with a 0.45-µm pore-size 
filter. subsequently, sciatic nerve cross-sections were briefly (30 sec) washed in Pbs, stained with 
the filtered working solution of nile red for 10 min, and washed for 10 min in demineralized water 
(room temperature). the slides were allowed to dry, mounted with Vectashield mounting medium 
(Vector laboratories), and visualized using a Zeiss axioplan 2 microscope with an axiocam mRc 
camera and axioVision release 4.5 software (Zeiss).

Nile Red staining. sciatic nerve cross-sections were mounted in nile red (sigma) solution (0.5 mg/
ml in acetone) diluted 1,000X in 75% glycerol and visualized as described above.

Lentiviral expression in primary rat SC culture. scs were isolated from sciatic nerves of sprague–
dawley rat pups shortly after birth (P3–P4). Fibroblasts were eliminated using immunoselection 
(brockes et al., 1979). Purified scs were cultured on poly-l-lysine-coated tissue plastic culture 
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dishes in dmem containing 10% fetal calf serum, 10ng/ml neuregulin, and 4µm forskolin (sigma), 
and infected with a lentiviral vector expressing either Lpin1a or Lpin1b. an empty lentiviral vector 
was used as a negative control. Rat primary scs were induced to differentiate at 2 days post-
infection (designated day 0) with dmem containing 10% (v/v) Fbs, 1µm dexamethasone, 0.5mm 
isobutylmethylxanthine and 1µg/ml insulin. after 48 h, the cells were re-fed with the same medium 
and were changed every second day. after 8 days, the cells were harvested and the expression of 
Krox20, Lpin1 and mpz was analyzed by quantitative PcR. all experimental conditions were done 
in triplo. 

BrdU incorporation assay. at Pnd 21, rats were injected intraperitoneally with 100µg of brdu per 
gram of body weight. six hours later, the sciatic nerves were dissected, fixed in 4% paraformaldehyde 
for 24 hr, and embedded in oct medium. longitudinal cryosections were prepared, post-fixed 
in 4% paraformaldehyde (10 min), denatured with 2 m hcl for 20 min at 37°c, and neutralized in 
0.1m sodium borate (ph 8.5) for 10 min. sections were incubated with rat anti-brdu (at a 1:200 
dilution; abcam) in 0.3% triton X-100 overnight at 4°c. next day, the sections were incubated with 
anti-rat secondary antibody conjugated to alexa Fluor 594 (at a 1:200 dilution; invitrogen) and 
visualized with fluorescence microscopy. the nuclei were counterstained with daPi. 

Data analysis. all data are shown as mean ± s.e.m. all data were analyzed using a commercially 
available statistical program (sPss for macintosh, version 16.0) and were controlled for normality 
and homogeneity. differences in longitudinal body weight measurements were assessed using 
repeated measure analysis, followed by bonferroni post hoc analyses if significant overall 
interactions were observed. all other data were analyzed using a student’s t-test. the null 
hypothesis was rejected at the 0.05 level.  

results
The generation and identification of Lpin11Hubr rats. after an enu-mutagenesis screen 
on a Wistar/crl background (smits et al., 2006), a brother-sister mating (F3 genera-
tion) revealed offspring that could be identified approximately between Pnd 7 and 14 
by hindlimb paralysis, lipodystrophy, and hindquarter muscle wasting (supplemental 
Figure s1a and b; supplemental Video 1). the phenotype in young Lpin11hubr rats (Pnd 
28) is characterized by loss of hindlimb joint mobility, hindquarter muscle wasting, lipo-
dystrophy, the absence of characteristic retraction of the hindlimbs when picked up by 
the neck, and the inability to splay hindlimbs when suspended by the tail (supplemen-
tal Figure s1a, b, c and d). the Wistar/crl F3 animals heterozygous for the mutation 
were outcrossed with brown-norway (bn/crl) animals to generate an F4 Wistar/bn 
population for mapping purposes. on Pnd 21, dna was collected from wild type/
heterozygous and mutant Wistar/bn F5 animals, and a forward screen was performed 
using a Wistar/bn-specific snP marker panel (nijman et al., 2008). this resulted in 
the identification of a 3.6mb region on chromosome 6 between 37.1mb and 40.7mb, 
resulting in the identification of Lpin1 (chr.6; 40.3mb) as a prime candidate gene (sup-
plemental Figure s2). sequencing of Lpin1 revealed a missense mutation (t>a) in 
the conserved 5’-end splice site of exon18. the mutation impaired the binding of the 
splicing machinery, and generated a new splice site 16bp downstream of the original 
site. the new splice site resulted in out-of-frame transcription introducing a premature 
stopcodon in exon19 (Fig. 1a), and disrupted predicted had motif iV (Fig. 1b). 
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The Lpin11Hubr phenotype is regressive. in addition to the Lpin11hubr Wistar/bn 
line, an Lpin11hubr Wistar (Wistar/crl) line was established and used in all described 
experiments. the Lpin11hubr phenotype manifested itself approximately between Pnd 
7 and 14. Lpin11hubr rats that showed an early onset of the phenotype (around Pnd 
7) demonstrated decreased survivability, probably due to decreased mobility and 
subsequent suckling competition compared to Lpin11hubr rats with a later onset of the 
phenotype (data not shown). however, a considerable attenuation of the peripheral 
neuropathy and lipodystrophy was observed over time. around Pnd 49 and onwards, 
Lpin11hubr rats had partially regained the ability to use their hindlimbs while walking, 
although still with a floppy gait, and the characteristic ability to retract their hindlimbs 
when picked up by the neck (supplemental Figure s1; supplemental Videos 1, 2, 
3, and 4). in addition, the hindlimb muscle wasting and lipodystrophy became less 
pronounced (supplemental Figure s1). the variety in timing of Lpin11hubr phenotype 
onset, and thus the severity of the phenotype, was reflected by the variety between 
strong and moderate phenotype improvement (data not shown). 

Loss of PAP1 activity in Lpin11Hubr rats. Relative expression of the Lpin1 isoforms, Lpin1a 
and Lpin1b (Fig. 2a; (Peterfy et al., 2005), was investigated at Pnd 21 and 90. in addition, 
correct splicing of the wild type transcript was investigated using primers spanning 

Figure 1. The Lpin11Hubr mutation. A. enu-mutagenesis introduced an a>t mutation (indicated in 
red) in intron 18-19 of Lpin1hubr rats. the mutation disrupted a splice site motif (gtXagt), creating 
a new splice site downstream and resulting in 16bp partial intron retention. blue ellipses indicate 
a splice motif. the new reading frame resulted in a premature stop codon in exon19. B. amino 
acid sequence showing the four predicted had motifs, the conserved amino acids from the had 
family of proteins in red letters, the transcription coactivator motif lXXil in yellow letters, green 
ellipses indicate predicted ß-strands, and gold ellipses indicate predicted a-helices (donkor et 
al., 2009). the partial intron retention disrupts the conserved amino acid in predicted had motif 
iV (Wt: gnRPad; hom: gnRPaV). moreover, the out-of-frame transcription (indicated in blue) 
disrupts the predicted a-helice and the second predicted b-strand of predicted had motif iV.
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the wild type exon18-19 boundary (Lpin1Ex18-19; Fig. 2a). expression of Lpin1Ex18-19 was 
almost undetectable in muscle, Wat, liver, and brain samples of Lpin11hubr rats at Pnd 
21 or 90 (Fig. 2b and c). Furthermore, expression of Lpin1a, Lpin1b, and Lpin1Ex18-19 was 
investigated in sciatic nerve endoneurium (Fig. 2d). an ~80% decrease in Lpin1Ex18-19 
expression was detected in mutants at both Pnd 21 and 90 as compared to wild type 
rats (Fig. 2d). interestingly, Lpin1a and Lpin1b expression (measured at the level of 
exons 4-6; Fig. 2a) was increased in Lpin11hubr rats as compared to wild type rats at 
Pnd 21, suggesting absence of nonsense-mediated decay (nmd) mechanism. later 
in development (Pnd 90), only Lpin1b expression was increased in Lpin11hubr rats as 

Figure 2. Molecular analysis of Lpin11Hubr expression. A. schematic overview of primer position to 
measure expression of Lpin1a, Lpin1b, and the correctly spliced exon18-19 boundary (Lpin1Ex18-19). 
exon 5 (shown in black) is included in Lpin1b, but is absent in Lpin1a. For Lpin1Ex18-19, the black part 
indicates the 16bp intron retention. B. Quantitative PcR measurements revealed high wild-type 
Lpin1Ex18-19 expression in Wat and liver, and low expression in muscle and brain at Pnd 21. at Pnd 
90, high expression of wild-type Lpin1Ex18-19 is observed in muscle, Wat and liver, but expression 
remained low in brain (n = 2 per group). Wild type Lpin1Ex18-19 expression was almost completely 
absent in all analyzed Lpin11hubr samples. C. Relative quantification of the expression of wild type 
transcript in Lpin11hubr rats at Pnd 21 and Pnd 90 (n = 2 per group) revealed its decrease below 
10% of wild type levels (*P<0.001; n = 2 per group). D. Relative expression of Lpin1a and Lpin1b 
is increased, whereas Lpin1Ex18-19 expression is substantially decreased in sciatic nerve tissue of 
Lpin11hubr rats as compared to wild type rats at Pnd 21. at Pnd 90, relative expression of Lpin1a, 
Lpin1b, and Lpin1Ex18-19 is increased, unchanged, and substantially decreased (respectively) in 
sciatic nerve tissue of Lpin11hubr rats compared to wild-type rats at Pnd 21 (*P<0.05; **P<0.001; n 
= 2 per group). data are expressed as mean ± s.e.m. 
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compared to wild type rats (Fig. 2d). however, at Pnd 21, PaP1 activity was completely 
inactivated in sciatic nerve endoneurium and Wat of Lpin11hubr rats as compared to wild 
type rats (Fig. 3). these data indicate that while the Lpin11hubr mutation does not lead 
to nmd, it disrupts had motif 4 resulting in a full loss of its enzymatic PaP1 function. 

WAT morphology in Lpin11Hubr rats. the body weight of Lpin11hubr and wild type rats was 
equal until Pnd 10, but from Pnd 21 and onward, Lpin11hubr rats showed a reduction in 
body weight as compared to wild type rats (supplemental Figure s3a, b, and c). Wat 
tissue analysis revealed a decreased adipocyte size, both at Pnd 21 and 90, whereas 
adipocyte cell size was equal between genotypes at Pnds 4 and 10 (Fig. 4a and b). 
the decreased ability to store lipids was reflected by a severe reduction in adipose 
mass (Fig. 4c). Relative expression of peroxisome proliferator-activated receptor 
receptor-g (Pparg1 and Pparg2), a key affecter of adipocyte differentiation (Rosen and 
spiegelman, 2006), and fatty acid-binding protein 4 (Fabp4, also designated aP2), that 
reversibly bind fatty acids and others lipids (makowski and hotamisligil, 2005), in Wat 
derived from Lpin11hubr and wild type rats was equal between genotypes at Pnd 4 and 
10 (Fig. 4d). however, relative expression of Pparg1, Pparg2, and Fabp4 was decreased 
in Lpin11hubr compared to wild type rats at Pnd 21 and 90 (Fig. 4d). Relative expression 
of the wild type transcript Lpin1Ex18-19 in Wat was decreased in Lpin11hubr compared 
to wild type rats at Pnd 4, 10, 21 and 90 (Fig. 4d). adult Lpin11hubr rats fed a hF diet 
for 4 weeks demonstrated a decreased body weight increase as compared to wild 
type rats (supplemental Figure s4a). however, the percentage increase of body weight 
normalized for the body weight at the start of the hF feeding did not differ between 
genotypes, indicating that adult Lpin11hubr rats are equally capable of storing lipids 
when fed a hF diet as compared to adult wild type rats (supplemental Figure s4b). 
Food intake on a hF diet did not differ between genotypes, although Lpin11hubr rats 
were hyperphagic as compared to wild type rats when food intake was normalized 
for body weight (supplemental Figure s4c, and d). Finally, although not corrected 
for lipid loss through feces, Lpin11hubr rats demonstrated a decreased ‘feed efficiency’ 
(supplemental Figure s4e), as was observed for Lpin1fld/fld mice (Phan et al., 2004). in 
sum, Lpin11hubr rats demonstrated an aberrant Wat phenotype, consistent with the 
finding that Lpin1 is strongly expressed in adipose tissue (Peterfy et al., 2001). however, 

Figure 3. Biochemical analysis of Lpin11Hubr 
function. PaP1 activity is decreased in sciatic 
nerve endoneurium and Wat of Lpin11hubr rats 
as compared to wild type rats at Pnd 21. PaP2 
activity is increased in sciatic nerve endoneurium 
of Lpin11hubr rats as compared to wild type rats, 
whereas PaP2 activity in Wat was unchanged 
between genotypes (*P<0.005; **P<0.001; n = 
5-6 per group). data are expressed as mean ± 
s.e.m

130



liPin
 1 Fu

n
c

tio
n

 in
 LPin

1 m
u

ta
n

t R
a

ts

5 

the Wat phenotype in Lpin11hubr rats seems to attenuate over time, as reflected by 
higher expression of adipogenetic factors at Pnd90 and relatively increased adipose 
mass at Pnd 90 (51% at Pnd 21; 69% at Pnd 90). moreover, the ability to accumulate 
lipids is decreased but not absent in adult Lpin11hubr rats on a high-fat diet. 

Sciatic nerve morphology in Lpin11Hubr rats. null deletions of Lpin1 result in severe 
sciatic nerve myelin abnormalities (langner et al., 1991; nadra et al., 2008), while 
Lpin120884 mutants show a less severe demyelination phenotype (douglas et al., 2009). 
We therefore investigated sciatic nerve morphology using toluidine blue-stained semi-
thin nerve sections at Pnd 4, 10, 21, and 90. at Pnd 4 and 10, no clear sciatic nerve 
myelin abnormalities were observed between genotypes (Fig. 5a). this observation 
was strengthened by an equal axon diameter and g-ratio at Pnd 4 and 10 (Fig. 5b). at 

Figure 4. Lipodystrophy phenotype in Lpin11Hubr rats. A. dorsal subcutaneous adipose tissue 
sections prepared from Lpin11hubr and wild type rats at Pnd 4, 10, 21 and 90 stained with he-
matoxylin and eosin. starting from Pnd 21 the reduced size of adipocytes becomes visible in 
Lpin11hubr samples. B. average adipocyte area is equal between genotypes at Pnd 4 and 10, but 
is decreased in Lpin11hubr rats compared to wild type rats at Pnd 21 and 90 (n = 2 per group; n = 
41-83 adipocytes per group; **P<0.001). C. subcutaneous dorsal Wat weight is equal between 
genotypes at Pnd 4 and 10 (n = 2 per group), but is decreased in Lpin11hubr rats compared to wild 
type rats at Pnd 21 (n = 2 per group) and 90 (n = 2-4 per group; *P<0.05; **P<0.001). D. Relative 
gene expression analysis in Wat of Lpin1 (Lpin1Ex18-19) and of genes involved in adipocyte differ-
entiation (Fabp4, Pparg1, and Pparg2) in Wat. Relative gene expression of Lpin1Ex18-19 in Lpin11hubr 
rats is decreased compared to wild type rats at Pnd 4, 10, 21, and 90 (n = 3, n = 3, n = 5, and n 
= 1 per group, respectively). Relative gene expression of Fabp4, Pparg1, and Pparg2 was equal 
between genotypes at Pnd 4 and 21 (n = 3 and n = 3, respectively). however, at Pnd 21 and 90, 
relative gene expression of Fabp4, Pparg1, and Pparg2 was decreased in Lpin11hubr rats compared 
to wild type rats (n = 5 and n = 1 per group, respectively; *P<0.05; **P<0.001). data are expressed 
as mean ± s.e.m.
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Pnd 21, Lpin11hubr rats showed severe myelin abnormalities compared to wild type rats, 
characterized by hypo- and demyelination (aberrant g-ratio trend line), a decreased 
axon diameter, and the presence of dark-colored debris (Fig. 5a and b). although 
hypo- and demyelination, a decreased axonal diameter, and dark-colored debris were 
still present at Pnd 90, overall sciatic nerve morphology in Lpin11hubr rats at this late 
developmental time point showed an improved phenotype resembling sciatic nerve 
morphology of wild type rats at Pnd 10 or 21. thus, Lpin11hubr rats showed a perturbed 

Figure 5. Progression of myelination in Lpin11Hubr rats. A. toluidine blue-stained semithin sections 
from the medial region of the sciatic nerve of Lpin11hubr and wild type rats at Pnd 4, 10, 21, and 
90. at Pnd 4 and 10, the level of myelination is similar in wild type and mutant nerve. at Pnd 21 
and 90, hypomyelination is visible in sciatic nerves of Lpin11hubr rats compared to wild type nerves. 
at Pnd 90, general morphology of Lpin11hubr sciatic nerves is improved compared to general mor-
phology of sciatic nerves isolated from Lpin11hubr at Pnd 21. B. at Pnd 4 and 10, average g-ratio, 
g-ratio trend line, and average axonal diameter of medial sciatic nerve tissue is equal between 
genotypes. at Pnd 21, however, axons of Lpin11hubr rats show a decreased axonal diameter as 
compared to wild type axons, and an aberrant g-ratio trend line, indicating hypomyelination. at 
Pnd 90, axons of Lpin11hubr rats showed a decreased axonal diameter as compared to wild type 
axons, and an aberrant g-ratio trend line, indicating hypomyelination. axons of Lpin11hubr rats 
show an increase in trend line at Pnd 90 compared to Pnd 21, indicative of myelination improve-
ment. (Pnd 4, 10, 21, and 90; n = 2, n = 2, n = 2, and n = 1 per group, respectively; n = 107-374 
axons per genotype).
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sciatic nerve phenotype consistent with the finding that Lpin1 is critical for normal sc 
function (nadra et al., 2008). however, the aberrant sc phenotype seems to attenuate 
over time. our observation that Lpin11hubr rats regain the ability to use their hind limbs 
when walking, although still with a floppy gait, and regain the ability to splay hindlimbs 
when picked up by the tail strengthens this observation (supplemental Figure s1; 
supplemental Videos 2, 3, and 4). 

Evaluation of myelin defects in Lpin11Hubr rats. next, we examined the level of 
myelination of Lpin11hubr and wild type sciatic nerve cross-sections at Pnd 21 and 90, 
using nile red staining. at Pnd 21, the level of myelination was severely affected. 
however, the integrity of myelin substantially improved in the older Lpin11hubr rats (Pnd 
90; Fig. 6a). these findings were confirmed using oil-red-o staining (supplemental 
Figure s5). the level of myelination, as measured by the level of myelin gene expression 
(mpz [also designated P0] and Pmp22), was equal between genotypes at Pnd 4, but 
was decreased in Lpin11hubr rats as compared to wild type rats at Pnd 10, 21 and 90 (Fig. 
6b). these observations are in agreement with the observed hypo- and demyelination 
at Pnd 21 and 90 (Fig. 5a), and indicate that expression of myelin genes is already 
affected at Pnd 10. Relative expression of the Pou domain transcription factor Oct-6/
Scip/Tse-1 (hereafter Scip), a marker of immature promyelinating scs (Jaegle et al., 
1996; Zorick et al., 1996), and the zinc-finger transcription factor Krox20/Egr2 (hereafter 
Krox20), a marker of mature scs (Zorick et al., 1996) and an important controller of 
myelination, was equal between genotypes at Pnd 4 (Fig. 6c). at Pnd 10, relative 
Krox20 expression was slightly increased in Lpin11hubr rats as compared to wild type rats 
(Fig. 6c). at Pnd 21, relative Scip expression was increased, whereas Krox20 expression 
was decreased in Lpin11hubr rats as compared to wild type rats (Fig. 6c), indicative of 
a relative increased pool of immature scs in Lpin11hubr sciatic nerve. at Pnd 90, both 
relative Scip and Krox20 expression was increased in Lpin11hubr rats as compared to 
wild type rats (Fig. 6c), suggesting a mixed sc population composed of immature and 
myelinating scs. Western blot analysis at Pnd 21 confirmed decreased protein levels 
of Krox20 in Lpin11hubr rats compared to wild type rats (Fig. 6d). moreover, although 
Krox24 levels were equal between genotypes, P35 levels were increased in Lpin11hubr 
rats as compared to wild type rats (Fig. 6d). our observations indicate a switch of 
Krox20 expression and subsequent protein levels increase between Pnd 21 and 90 in 
Lpin11hubr rat scs. together these observations indicate the presence of improvement in 
myelin phenotype at Pnd 90. it is however important to mention that using 5-bromo-2’-
deoxyuridine (brdu)/daPi double-label immunohistochemistry analysis, we observed 
increased cellularity and increased cell proliferation in sciatic nerve of Lpin11hubr rats as 
compared to wild type sciatic nerve at Pnd 90 (supplemental Figure s6). this, together 
with a maintained elevated level of cyclin D1 expression in Lpin11hubr rats as compared 
to wild type rats at Pnd 21 and 90, suggests that even at Pnd 90, mutant endoneurium 
contains immature and dividing scs (supplemental Figure s6). 
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Figure 6. Transitory signaling defects in Lpin11Hubr rats regarding myelination. A. nile-red staining 
of sciatic nerve sections from Lpin11hubr and wild type rats at Pnd 21 and 90. at Pnd 21, the typical 
‘donut’-like myelin structures present in wild type sciatic nerve are replaced in Lpin11hubr nerves 
by ‘dot’-like structures probably corresponding to the accumulation of debris in demyelinated 
scs. Lpin11hubr nerves partially recover the ‘donut’-like myelin staining at Pnd 90. B. Relative gene 
expression analysis of mpz and Pmp22 (mature sc markers) in sciatic nerve tissue of Lpin11hubr rats 
as compared to wild type rats at Pnd 4, 10, 21 and 90 (n = 3, n = 3, n = 3, and n = 1 per group, 
respectively). Relative mpz and Pmp22 expression was unchanged between genotypes at Pnd4, 
but was decreased in Lpin11hubr rats compared to wild type rats at Pnd 10 and 21, and partially 
recover their levels at Pnd 90 (**P<0.001). C. Relative gene expression analysis of Scip and Krox20 
(immature sc markers) in sciatic nerve tissue of Lpin11hubr rats as compared to wild type rats at 
Pnd 4, 10, 21 and 90 (n = 3, n = 3, n = 3, and n = 1 per group, respectively). at Pnd 4, relative Scip 
and Krox20 expression was unchanged between genotypes. at Pnd 10, relative Scip expression 
was unchanged between genotypes, whereas Krox20 was increased in Lpin11hubr rats as compared 
to wild type rats. at Pnd 21, relative Scip expression was increased, whereas Krox20 expression 
was decreased in Lpin11hubr rats as compared to wild type rats. at Pnd 90, expression of Scip, 
and Krox20 was increased (*P<0.05; **P<0.001). D. Western blot analysis showing protein levels 
of Krox20, Krox24, and P35 in Lpin11hubr and wild type rats at Pnd 21. tubulin was used as input 
control. at Pnd 21, protein levels of Krox20 confirmed earlier relative gene expression observa-
tions. data are expressed as mean ± s.e.m.
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Lipin 1 affects myelination through Krox20 expression in vitro. as lipin 1 affects hepatic 
metabolic pathways through transcriptional control (Finck et al., 2006), we investigated 
whether lipin 1a or lipin 1ß also affect myelination processes. to investigate lentiviral 
integration and subsequent expression, we measured Lpin1 expression in lentiviral-
infected primary scs that were allowed that differentiate for 8 days. Lpin1a increased 
Lpin1 expression about 150-fold, whereas Lpin1ß increased Lpin1 expression about 
6-fold as compared to scs infected with an empty vector control (Fig. 7a). Lpin1a 
increased expression of Krox20, an important regulator of myelination, about 17-fold, 
whereas Lpin1ß had no effect on Krox20 expression (Fig. 7b). Finally, both Lpin1a and 
Lpin1ß increased expression of mpz, a marker myelination, approximately 29-fold and 
16-fold, respectively (Fig. 7c).

dIsCussIon
here we describe an Lpin11hubr rat model that is characterized by a transitory peripheral 
neuropathy and lipodystrophy. the deficiencies present in Lpin11hubr rats became 
obvious approximately during the second postnatal week, but attenuated during rat 
maturation, resulting in a considerable improvement of the Lpin11hubr phenotype. using 
an array of histological and molecular techniques we demonstrated that the Lpin11hubr 
phenotype improvements are paralleled by improvements in sciatic nerve myelination 
and lipid accumulation in Wat between Pnd 21 and 90. in addition, using an in vitro 
analysis we demonstrated that lipin 1 had the ability to increase Krox20 expression 

Figure 7. Transcriptional regulatory activity of Lipin 1 in primary SC culture. A. Viral-induced 
expression of Lpin1a or Lpin1b increased relative expression of Lpin1 approximately 150-fold 
and 6-fold, respectively, in primary rat sc cultures as compared to empty vector control (n = 3 
per group; ***P<0.001). B. Viral-induced expression of Lpin1a increased relative expression of 
Krox20, whereas viral-induced expression of Lpin1b had no effect on relative expression of Krox20 
in primary rat sc cultures as compared to empty vector control (n = 3 per group; ***P<0.001). C. 
Viral-induced expression of Lpin1a and Lpin1b increased relative expression of mpz in primary rat 
sc cultures as compared to empty vector control (n = 3 per group; *P<0.05, **P<0.01, ***P<0.001). 
data are expressed as mean ± s.e.m.
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in primary rat scs. We therefore propose that the transcriptional activity of lipin 1 
remains functional in Lpin11hubr rats, and is responsible for the improvements in sciatic 
nerve myelin structure and Wat accumulation in mutant rats. 

the Lpin11hubr phenotype was initially discovered in F3 rats that were already 
outcrossed twice to wild type Wistar/crl background. this indicates the importance 
to outcross enu-mutagenized rats to clear the background of unwanted mutations. 
outcrossing the F3 Wistar/crl Lpin11hubr mutation background for an additional 4 
generations (6 outcrosses in total) should theoretically decrease the total number of 
random background mutations to 1 (mul et al., 2010). however, we cannot fully exclude 
the presence of tightly linked confounding mutations in our rat model. 

the Lpin11hubr mutation disrupted 5’-end splice site of the exon 18. despite this, 
we observed a small amount (1-6%) of Lpin1 transcript with the correctly spliced exons 
18 and 9 (Lpin1Ex18-19) in muscle, Wat, liver, and brain of Lpin11hubr rats. the amount of 
correct exon 18 – 19 splicing in sciatic nerve endoneurium harvested from Lpin11hubr 
rats was approximately 20%. both observations indicate that even in the presence of 
the Lpin11hubr mutation, the splicing machinery is occasionally able to splice correctly. 
We did not observe time-related increases in correct Lpin1Ex18-19 expression in Wat or 
sciatic nerve tissue harvested from Lpin11hubr rats. these data strongly suggest that the 
attenuation of the different Lpin11hubr phenotypes is not a consequence of an increased 
presence of correctly spliced exon 18 – 19 in mutant rats.  

We observed increased expression of both Lpin1a and Lpin1b isoforms (as tested 
by qPcR using primers locate din the 5’ part of the lpin1 transcript) in sciatic nerve 
tissue derived from Lpin11hubr rats at Pnd 21, suggesting a functional feedback loop 
affecting their expression. these data, together with our finding that the stop codon 
is induced in the 19th exon out of 20, close to the last exon-exon junction, suggested 
that the Lpin11hubr mutation does not induce nonsense-mediated decay (nmd). the 
mutation did however completely inactivate the lipin 1-PaP1 activity, both in nerve 
tissue as in Wat. as lipin 1 accounts for all PaP1 activity in murine adipose tissue 
(Wat and bat) and muscle (donkor et al., 2007), our observation that PaP1 activity is 
completely ablated in Wat derived from Lpin11hubr rats strengthens these findings, and 
expands this finding to the rat. in mice, expression of Lpin2 and Lpin3 is undetectable 
in sciatic nerve tissue (nadra et al., 2008), strengthening our observation that PaP1 
activity is completely ablated in nerve tissue. thus, while Lpin1 mRna is present in 
mutant rats, the Lpin11hubr mutation disrupts the last had motif leading to complete 
lack of PaP1 activity in corresponding protein. 

until Pnd 10, Lpin11hubr pups showed normal Wat levels. at Pnd 21 however, 
Wat levels are ~50% reduced, whereas Wat levels are ~30% reduced at Pnd 90. this 
transitory lipodystrophy phenotype in Lpin11hubr rats might be the result of immobility-
induced hypophagia and a subsequent decreased lipid accumulation at a young 
age, while at an older age rats become more able to feed correctly due to increased 
mobility. this explanation is however unlikely, as most Lpin11hubr pups retained partial 
ability to move around after the onset of the Lpin11hubr phenotype. in addition, chow 
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pellets were provided to the maternal cage floor to enable feeding under competitional 
circumstances. an alternative explanation could come from the previously observed 
regulatory role of lipin 1 during initial phases of adipogenesis for the induction of 
adipogenetic factors including PPaRg and ccaat enhancer-binding protein (c/ebP)a 
(Peterfy et al., 2001; Phan et al., 2004). our observation that relative expression levels 
of Fabp4, PPARg1, and PPARg2 increased in Wat derived from Lpin11hubr rats at Pnd 90 
as compared to Pnd 21, mirrored by relative increased Wat levels, suggests that the 
regulatory function of lipin 11hubr potentially remained functionally active and able to 
partially stimulate adipogenesis. 

Lpin1fld/fld mice are resistant to high-fat-induced obesity (Phan et al., 2004), whereas 
mice overexpressing Lpin1 in adipose tissue (aP2-lipin tg) demonstrated increased 
body weight growth on a high-fat diet, but not on regular chow (Phan and Reue, 2005). 
interestingly, both Lpin1fld/fld and aP2-lipin tg mice showed normal food intake, but 
reduced and increased feed conversion efficiency, respectively (Phan et al., 2004; Phan 
and Reue, 2005). adult Lpin11hubr rats on a high-fat diet also showed normal food intake, 
but did show decreased feed conversion efficiency. the decreased feed conversion 
efficiency was not as dramatic as in Lpin1fld/fld mice, again suggesting that lipin 11hubr 
was able to partially stimulate adipogenesis in adult mutant rats. 

in the Pns, partially recovered mpz and Pmp22 expression levels accompanied the 
progression of myelination in Lpin11hubr sciatic nerves at Pnd 90. moreover, expression 
of Krox20 was decreased at Pnd 21, whereas it was increased at Pnd 90. Krox20 is an 
important controller of myelination and a marker of mature scs (Zorick et al., 1996), 
thus indicating that myelination processes are down regulated in Lpin11hubr sciatic 
nerve tissue at Pnd 21, but are upregulated at Pnd 90, resulting in a relative increase 
in correct myelination at Pnd 90. the latter finding was mirrored by our behavioral and 
histological observations. Scip, a marker of immature promyelinating scs (Jaegle et 
al., 1996; Zorick et al., 1996), is upregulated at Pnd 21, thus indicative of an increased 
amount of immature promyelinating scs. interestingly, at Pnd 90, Scip levels are even 
further increased, which, together with the observed increase in cell proliferation, 
indicate the presence of a mixed population of immature and mature scs at this time 
point. 

We demonstrated that lentiviral-induced expression of Lpin1a increased Krox20 
expression and subsequent mpz expression in vitro in primary rat sc cultures.  
interestingly, lentiviral-induced expression of Lpin1b, even though expressed at a 
much lower level as compared to Lpin1a, did not affect Krox20 expression but did 
increase mpz expression. this indicates that in vivo, Lpin1a is potentially involved in 
upstream pathways regulating the expression of Krox20 and subsequent myelination 
processes. Lpin1b also appears to affect myelination processes, potentially via a 
Krox20-independent pathway. although more experiments will be necessary to test our 
hypothesis, our data suggest that in addition to its role in sc fate determination (nadra 
et al., 2008), lipin 1 is also an important regulator of the schwann cell myelination 
program.  
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Krox20 is also an important regulator of adipogenesis via (c/ebP)b-dependent and 
independent mechanisms (chen et al., 2005). the nucleocytoplasmic localization of 
lipin 1 in adipocytes is regulated by insulin, through interactions with 14-3-3 proteins 
(harris et al., 2007; Peterfy et al., 2010). insulin, also an important factor of serum used 
to induce adipocyte differentiation, might therefore be an important regulator of lipin 
1 localization and function, thus affecting subsequent Krox20 expression in vitro and 
in vivo. however, more studies will be required to investigate if this hypothesis is valid. 

the Lpin11hubr rat model described in this study is characterized by an early onset 
peripheral neuropathy and lipodystrophy that are the consequences of a loss of 
lipin 1-PaP1 activity. biochemical and histological analysis of Lpin11hubr sciatic nerve 
tissue and Wat revealed pronounced improvements of these phenotypes over time, 
probably due to the preserved lipin 1 transcriptional regulatory activity in Lpin11hubr 
rats. We demonstrated that viral expression of Lpin1b and Lpin1a affected myelination 
processes in vitro in primary rat sc culture. based on these observations, we propose 
that lipin 1 is involved in Krox20-dependent or -independent regulation of nerve 
myelination also in vivo and it might affect Wat function through similar mechanisms. 
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supplementary materIals

Table S1. gene name, forward and reverse primer sequences for qPcR analysis.

Gene Forward primer Reverse Primer

Ubiquitin agtgcggaaaactggaagcc ggactggattacttggtcagtcttg

LpinEx18-19 gcctgccgatgtgtattcctac attctattcagggacactccca

Lpin1a gccccagtccttcaggctc gctcagaatcactttttggtgttg

Lpin1b gtagattgtcagaggactccccct caagagctagagagaactccctcg

Fabp4 ggagacgagatggtgacaagc tcacgcctttcatgacacattc

Pparg1 gcaagagatcacagagtatgccaa tcaaggttaatgaaaccagggatat

Pparg2 ttttgaaaacaaggactaccctttac ggcatctctgtgtcaaccatg

mpz ttcacaagtcttctaaggactcctcg gcactggcgtctgccg

Pmp22 ggagtcttccaaatccttgctg gatggccgctgcactcat

Scip gagcttcaagaacatgtgcaagct tccagccacttgttgagcag

Krox20 ggaggcccctttgatcaga tgttgatcatgccatctccag

cyclin D1 gcactttctttccagagtcatcaa caggcacggaggcagtc
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Figure S1. Progression of neuropathy and lipodystrophy phenotypes in Lpin11Hubr. A. the onset 
of the Lpin11hubr phenotype occurred between Pnd 5 and Pnd 12. early onset (left male pup) 
resulted in a more severe phenotype compared to later onset (right male pup) due to decreased 
mobility, and possibly decreased suckling behavior. B. at Pnd 13, Lpin11hubr pups showed severe 
lipodystrophy, hindquarter muscle wasting, and decreased body length as compared to wild type 
pups. C. at Pnd 28, Lpin11hubr rats showed severe lipodystrophy, hindquarter muscle wasting, a 
decreased body length, and no characteristic retraction of the hindlimbs as compared to wild 
type rats. however, at Pnd 49 and onwards, some Lpin11hubr rats gain the ability to retract their 
hindlimbs when picked up, whereas other Lpin11hubr rats do not gain this ability, or partially. 
moreover, the severe lipodystrophy and hindquarter muscle wasting in Lpin11hubr rats became less 
pronounced. at Pnd 90, almost all Lpin11hubr rats regain the ability to retract their hindlimbs. D. 
Wild type rats splayed their hindlimbs and toes when picked up by the tail, whereas Lpin11hubr rats 
clenched their hindlimbs to their body. however, at Pnd 49 and onwards, Lpin11hubr rats splayed 
their hindlimbs and toes, or clenched their hindlimbs to their body when picked up by the tail. at 
Pnd 90, almost all Lpin11hubr rats regained the ability to splay their hindlimbs.
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Figure S2. Linkage analysis data. linkage analysis based on the genotyping results in the Wistar/
bn F5 population using 321 informative markers revealed a significant lod score for the Lpin11hubr 
mutation in a region on chromosome 6 between 37.1mb and 40.7mb. Lpin1 is located at 40.3mb. 

Figure S3. Body weight phenotype in Lpin11Hubr rats. A. no difference in body weight of Lpin11hubr 
and wild type rats (mixed gender) is observed at Pnd 4 (n = 4-9 per group) and Pnd 10 (n = 7-18 
per group). however, as the Lpin11hubr phenotype develops, body weights start to diverge and 
body weight is decreased in Lpin11hubr rats as compared to wild type rats (mixed gender) at Pnd 
21 (n = 8-9 per group; *P<0.05). B. body weight of male Lpin11hubr rats is decreased as compared 
to male heterozygous and wild type rats between Pnd 21 and 90 (n = 3-9 per group; *P<0.001, 
bonferroni post hoc analysis). C. body weight of female Lpin11hubr rats is decreased as compared 
to female heterozygous and wild type rats between Pnd 21 and 90 (n = 6-10 per group; *P<0.001, 
bonferroni post hoc analysis). data are expressed as mean ± s.e.m.
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Figure S4. Adult Lpin11Hubr rats show decreased weight gain on a HF diet. A. Lpin11hubr rats 
showed decreased body weight increase when fed a hF diet for 4 weeks as compared to wild type 
rats. B. the body weight increase normalized to the body weight at the start of the hF experi-
ment did not differ between genotypes. C. total food intake during 4 weeks of hF feeding did 
not differ between genotypes. D. total food intake during 4 weeks of hF feeding normalized for 
the average body weight during the 4 weeks was increased in Lpin11hubr rats as compared to wild 
type rats. E. Feed efficiency (gram body weight increase per 100 gram food intake) was decreased 
in Lpin11hubr rats as compared to wild type rats (n = 2-4 per group; *P<0.05; **P<0.01). data are 
expressed as mean ± s.e.m.

Figure S5. Transitory signaling 
defects in Lpin11Hubr rats regarding 
myelination. oil-red-o staining of 
sciatic nerve sections from Lpin11hubr 
and wild type rats at Pnd 21 and 90. 
at Pnd 21, the typical ‘donut’-like 
myelin structures present in wild 
type sciatic nerve are replaced in 
Lpin11hubr nerves by ‘dot’-like struc-
tures probably corresponding to 
the accumulation of myelin debris 
in demyelinated scs. Lpin11hubr 
nerves partially recover the ‘donut’-
like myelin staining at Pnd 90.
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Figure S6. Increased cell proliferation in Lpin11Hubr sciatic nerves. A. immunohistochemistry of 
daPi and brdu in medial sciatic nerve tissue at Pnd 90 revealed increased cellularity and cell 
proliferation in Lpin11hubr rats as compared to wild type rats. B. Relative expression of cyclin D1 
(marker of cell proliferation) is increased in Lpin11hubr rats at Pnd 21 and 90 as compared to wild 
type rats (**P<0.001; n = 2 per group, respectively).
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summarIzInG dIsCussIon

The future of knockout rat models
as has become clear in this thesis, genetic rat mutants are very valuable models for 
studying specific aspects of human biology and physiology. however, technology to 
generate rat models is still in its infancy. since 2003, investigators have successfully 
applied target-selected mutagenesis to the rat, generating an impressive amount of 
mutant and knockout models (Zan et al., 2003; smits et al., 2004; smits et al., 2006; 
van boxtel et al., 2008). While target-selected mutagenesis is a very labor-intensive 
approach, it is also highly amendable to scaling. the limitations of the technique are 
mainly determined by the platform used to screen the F1 cohort for induced mutations, 
as it will affect the amount of coding sequence screened per rat and thus the number 
of F1 rats that need to be screened. in sum, the efficiency of the platform will affect 
the quantity and length of animal housing, and will subsequently influence the cost 
of the screen. however, the creation of frozen sperm libraries is an efficient way to 
reduce animal housing (mashimo et al., 2008). moreover, recent developments in dna 
sequencing methods, such as the application of next generation sequencing, will very 
likely have profound effects on the efficiency of mutation screening (cuppen et al., 
unpublished results). 

enu is a potent mutagen that introduces numerous random point mutations in 
the genome of the F1 offspring. although successful in its primary goal, introducing 
mutations, the success of enu-mutagenesis is also its downside: when a gene of interest 
is affected in a rat, the background mutations have to be removed to ensure correct 
interpretation of the phenotype. theoretical calculations, taking into account the 
amount of coding sequence and the mutation frequency of the screen, suggested that 
the mutated background of the Pmch mutation had to be outcrossed six generations 
to decrease the number of background mutations to 1 (mul et al., 2010). as the Lpin1 
line was created during the same screen, the same theoretical numbers apply to this 
rat line. however, as part of the donor chromosome harboring the mutation of interest 
is still present after six backcrosses (Keays et al., 2006), we cannot fully exclude the 
presence of tightly linked confounding mutations in our rat models. in sum, continuous 
outcrossing of the mutant rat lines, after six outcrosses have been performed, is a good 
initiative to decrease the possible presence of confounding mutations. 

although applying enu-mutagenesis to the rat has been successful to date, the 
effectiveness of the technique does rely on the chance of introducing a functional 
mutation in a specific gene of interest. the technique thus predominantly relies on 
the number of F1 animals screened (van boxtel et al., 2008), the rat background used 
(smits et al., 2006), and the efficiency of the platform used to detect the mutations 
(cuppen et al., unpublished results), and is not suited for the targeted generation 
of a knockout of a single specific gene. however, the recent successful isolation of 
embryonic stem cells in the rat (buehr et al., 2008) and the creation of knockout rats via 
embryonic microinjection of zinc-finger nucleases (geurts et al., 2009) have supplied 
the scientific community with more direct approaches to induce genetic variation in 
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rats at specific genomic loci. however, both techniques are still relatively laborious, 
as well as expensive, and experience from the mouse genetics research field (gondo, 
2008) has shown that complementary technologies and resulting models, like the enu-
induced mutants, remain valuable in large-scale studies and for generating alleles that 
may better reflect human disease-associated variation than full gene knockouts. 

melanIn-ConCentratInG hormone

MCH function
since the discovery that mch affects feeding behavior and energy homeostasis (Qu et 
al., 1996; shimada et al., 1998), a large quantity of studies has confirmed the important 
function for mch regarding these processes (Pissios and maratos-Flier, 2003; Pissios et 
al., 2006; Pissios, 2009). in addition, the expression of mch1r in a broad number of brain 
regions, and the location of mch neuronal bodies and their projections throughout the 
mammalian brain has led to the hypothesis that mch is involved in multiple integrative 
processes. indeed, several studies have shown that mch, and in a lesser degree nge 
and nei, are involved in memory (monzon et al., 1999), motor activity (sanchez et al., 
1997; marsh et al., 2002), taste and olfaction (skofitsch et al., 1985; bittencourt et al., 
1992), depression and anxiety (borowsky et al., 2002), and learning (mcbride et al., 
1994). as most of these processes are direct or semi-direct related to feeding behavior 
and energy metabolism, the regulation of feeding and energy homeostasis can be 
interpreted as the dominant function of mch in mammals. 

mch has a clear effect on skin pigmentation in fish, hence its name. however, in 
mice no clear effects on skin color have been observed in brown or black coat-colored 
mice that have disrupted mch function. therefore, despite its name, a similar function 
for mch on mammalian skin pigmentation is possible but unlikely (Pissios et al., 2006). 

Murine Pmch and MCH1R models 
in 1998, the Pmch Ko mouse was described by the maratos-Flier group (shimada et 
al., 1998). these mice exhibited reduced body weight, fat mass, and leptin levels with 
reduced food intake, and increased energy expenditure when data were normalized 
for body weight (shimada et al., 1998). locomotor activity of Pmch Ko mice was not 
significantly different from wild type mice (shimada et al., 1998). a subsequent study from 
the Friedman group reported that use of a toxin (ataxin-3)-mediated ablation strategy 
in mch neurons also resulted in leanness (alon and Friedman, 2006). these transgenic 
mice exhibited reduced body weight, fat mass, and leptin levels with reduced food 
intake (although at an older age), and increased energy expenditure when data were 
normalized for body weight (alon and Friedman, 2006). locomotor activity of mch/
ataxin-3 mice was not significantly different from wild type mice (alon and Friedman, 
2006). in sum, these two murine lines with Pmch depletion provided strong evidence 
that the mch system is involved in the regulation of energy homeostasis. moreover, 
the strong similarity between the mch/ataxin-3 phenotype and the murine Pmch Ko 
phenotype, suggested that mch is the major mediator of mch neuron function. 
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several studies have described independent murine mch1r Ko lines resulting in 
reduced body weight, fat mass, and leptin levels, and increased energy expenditure 
when data were normalized for body weight (chen et al., 2002; marsh et al., 2002; 
astrand et al., 2004). surprisingly, these mice also demonstrated increased food intake 
and locomotor activity (chen et al., 2002; marsh et al., 2002; astrand et al., 2004). 

depletion of either Pmch or mch1r thus results in leanness, although apparently via 
different mechanisms. although not yet investigated properly, a possible explanation 
might be found in the fact that depletion of Pmch not only disrupts mch production, 
but also the production of nge and nei. neither nge nor nei are able to bind mch1R 
(chambers et al., 1999; lembo et al., 1999; saito et al., 1999). however, nei is known 
to affect locomotor activity (sanchez et al., 1997; gonzalez et al., 1998; sanchez et 
al., 2001b). moreover, nei appears to contain the ability to modify dopamine binding 
(sanchez et al., 2001a). nei might thus be responsible for a significant part of the Pmch 
depletion phenotype. crossing the Pmch-deficient background to the mch1r-deficient 
background might shed light on the exact function of nei. Finally a murine or rat line 
that expresses functional mch and nge in combination with non-functional nei might 
be of additional value. additional combinations might also shed light on a possible 
function for nge. 

Contradictory findings in murine MCH models 
the Pmch Ko mouse line created in the maratos-Flier group exhibited reduced food 
intake, one of the key behavioral characteristics of mch depletion in rodents (shimada 
et al., 1998; mul et al., 2010). it was created by electroporating a modified c129 sv 
JP1 clone into the J1 cell line, which was subsequently injected into c57bl/6 embryos 
(shimada et al., 1998). F3 hybrids were used for the initial characterization (shimada 
et al., 1998). however, the same mouse line, this time outcrossed at least 15 times 
to a c57bl/6 background, did not display the characteristic reduced food intake in a 
subsequent study investigating the effects of Pmch-deficiency on the limbic dopamine 
system (Pissios et al., 2008). another recent report from the same mouse line revealed 
similar body weight, food intake, and energy expenditure between Pmch Ko and wild 
type mice (glier et al., 2010). more surprisingly, Pmch Ko mice now demonstrated 
increased locomotor activity during the night as compared to wild type mice (glier et 
al., 2010). 

the Pmch Ko rat line generated in the cuppen group exhibited reduced body 
weight, fat mass, and leptin levels with reduced food intake, and increased energy 
expenditure when data were normalized for body weight (chapter 2; mul et al., 2010). 
this phenotype showed great similarity to the initial phenotype observed in Pmch Ko 
mice (shimada et al., 1998) and the mch/ataxin-3 phenotype (alon and Friedman, 
2006). one possible explanation for the fading of the Pmch phenotype in mice on a 
c57bl/6 background might be the presence of genetic modifiers, although this has 
to be investigated in detail. the presence of genetic modifiers might very well be 
possible, as the c57bl/6 mouse line is an inbred line and different lines derived from 
the initial line could result in different phenotypes. the Wistar rat line, the background 
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on which the Pmch mutation was induced, is an outbred line and might therefore 
display less inter-animal variation. however, the only way to find out if this might be 
true is outcrossing the Pmch generation for many more generations on the Wistar 
background. 

crossing the Pmch-deficiency to the obesity-resistant 129 background or the 
obesity-prone c57bl/6 background has provided additional evidence for the influence 
of the genetic background (Kokkotou et al., 2005). Pmch Ko mice on both the 129 
and the c57bl/6 background showed increased energy expenditure, when data were 
normalized per body weight, although this effect was more pronounced on the 129 
background (Kokkotou et al., 2005). moreover, Pmch-deficiency on both backgrounds 
resulted in a phenotype of elevated locomotor activity (Kokkotou et al., 2005). due 
to the contradicting findings in Pmch-deficient mice, especially on different genetic 
backgrounds, the Pmch-deficient rat could serve as an important complementary 
model to investigate the function of mch, nei and nge. 

The role of MCH in energy expenditure
mch is an important regulator of energy homeostasis. it has been proposed that 
in mice, mch affects energy homeostasis primarily through effects on energy 
expenditure, and secondary through effects on food intake (shimada et al., 1998; alon 
and Friedman, 2006; Pissios, 2009). however, in these studies, energy expenditure data 
were always normalized for body weight (shimada et al., 1998; alon and Friedman, 
2006). as decreased fat mass is the main cause for the leanness in Pmch-deficient 
rodents, normalization for body weight normalizes the data predominantly for the 
difference in body fat. moreover, fat is generally thought of as a metabolic inactive 
organ, although studies have shown that this is not always true (chapter 4; cousin et 
al., 1992; granneman et al., 2003; Xue et al., 2007). 

if energy expenditure data is not normalized for body weight, or normalized for 
lean mass, Pmch-deficiency in the rat results in decreased energy expenditure (mul et 
al., 2010). as conclusions can differ strongly from the manner data is presented, it is 
therefore advised, especially for animal models with affected adipose levels, to present 
energy expenditure data normalized and non-normalized for body weight. in rats, this 
has generated the hypothesis that the primary cause of leanness in Pmch-deficient rats 
is decreased food intake, followed by decreased energy expenditure (mul et al., 2010). 
moreover, as food intake is known to increase energy expenditure (thermic effect of 
food; even et al., 1994), decreased food intake should subsequently result in decreased 
energy expenditure. moreover, chronic decreased food intake in combination with 
chronic energy expenditure as compared to healthy control animals should eventually 
result in death. in chapter 4 we describe findings that Pmch-deficiency affects 
thermogenesis in Wat through possible secondary effects on the sympathetic nervous 
system. although additional studies have to determine the physiological importance 
of this finding, it indicates that Wat in Pmch-deficient rats can have effects on energy 
expenditure. 
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in mch1r-deficient mice, increased hyperactivity seems to be causal to an increased 
metabolic rate observed during the night (marsh et al., 2002), whereas Pmch-deficient 
rats display similar locomotor activity as compared to control rats (mul et al., 2010). 
however, two studies reported Pmch-deficient mice with elevated locomotor activity 
as compared to control mice (Kokkotou et al., 2005; glier et al., 2010). the increased 
locomotor activity can additionally complicate the already contradictory findings 
regarding food intake and energy expenditure in this mouse model. 

Finally, the mouse is more prone to temperature changes in the environment as 
compared to the rat, due to its decreased relative size. therefore, complementary 
studies of Pmch-deficiency in the rat might aid in understanding the direct and indirect 
effects of mch function on energy expenditure. 

Is a Pmch knockout model the (only) way to go?
depletion of nPy/agRP neurons in neonatal mice using a toxin receptor-mediated 
strategy had no significant effect on food consumption or body weight during early 
life or adulthood (luquet et al., 2005). however, depletion of nPy/agRP neurons in 
adult mice induced an arrest of food intake and decreased body weight by 20% within 
7 days (luquet et al., 2005). this elegant study demonstrated that if neurons expressing 
two crucial orexigenic neuropeptides are lost during early development, it had no 
significant effects. it also indicated that the rodent brain, which is largely developed 
during the first 3 weeks after birth, is able to produce compensatory adaptations when 
neuronal bodies are lost during early development. 

therefore, compensatory adaptations could potentially also be induced in Pmch-
deficient rodents (shimada et al., 1998; mul et al., 2010). this possibility could also 
explain why Pmch-deficient rats and rats with acute mch1R-blockade react differently 
when self-administrating cocaine (chapter 3; chung et al., 2009). humans with a null 
mutation in Pmch have not been described to date. thus, the potential development 
of an anti-obesity treatment based on the mch-mch1R-system might benefit equally 
or even favor research in non-chronic knockout animal models. although knockout 
models definitely aid in discovering key findings regarding physiological processes 
such as the regulation of body weight, a complete picture should be obtained by 
also using inducible knockouts or knockins. this can be achieved by using the above-
mentioned toxin receptor-mediated strategy (knockout strategy; (luquet et al., 2005), 
by using homologous recombination in embryonic stem cells in combination with 
the inducible cre-lox system (knockout and knockin strategy; hopefully available in 
the near future), by using lentiviral expression of a short hairpin Rna (shRna) vector 
(knockdown strategy; herold et al., 2008), or by using adeno-associated virus-mediated 
expression (knockin strategy; tiesjema et al., 2007). using a combination of these 
techniques should result in complementary data, and should provide more insight than 
data obtained from just a chronic knockout model. 

as we showed that, at least in the rat, that Pmch expression is important during early 
development (chapter 2; mul et al., 2010), it would be very interesting to restore Pmch 
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expression at different time points during development of Pmch-deficient rats, and to 
knockdown Pmch expression in young wild type rats at different time points during 
development. the same strategy, but using mch1r expression, could also be applied to 
mch1r-deficient mice. moreover, site-specific effects could then also be investigated.

New observations in the Pmch KO rat
although a significant amount of insight has been gathered using murine Pmch models, 
the availability of the Pmch Ko rat has provided some additional findings. First, in 
chapter 2, we describe the novel observation that Pmch expression is important during 
early development and puberty. although not impossible, food and water intake 
studies at a young age are limited in the mouse due to its relative small size. however, 
it will be interesting to see if the same observations can be observed in the Pmch 
mouse model, or if possible even in humans.  

secondly, in chapter 3, we describe that Pmch-deficiency affects the meal size 
pattern of the rat and that Pmch-deficient rats demonstrated decreased willingness 
to exert work for food rewards, while showing increased willingness to exert work for 
cocaine rewards. due to its relative big size, and thus its relative big meal size, the rat is 
very well suited for meal pattern analysis studies, and these studies are hard to perform 
in young or adult mice. moreover, due to its relative strong cognitive performance, the 
rat is very well suited for behavioral experiments like self-administration paradigms. 
although, tests have been developed for the mouse to test ‘preference’ or ‘likeness’ 
of substrates (like the conditioned-place preference test), the evaluation of direct 
‘motivational status’ in rodent models in self-administration paradigms is preferred in 
the rat. 

Finally, in chapter 4 we describe that Pmch-deficiency in the rat decreases Wat 
levels as a result of decreased feeding. however, we also observed additional 
mechanisms that had a negative effect on Wat levels. We propose that increased 
catecholamine levels in the circuitry might underlie this observation. although not 
performed in chapter 4, it might be very interesting to perform denervation studies 
(Kreier et al., 2002) to measure the effect of direct sympathetic innervation of Wat. due 
to the relative large size of the nerves, denervation studies are also preferred in the rat. 

in sum, the Pmch Ko rat has already demonstrated its value in the scientific 
community. however, to obtain a complete picture of the functions of mch in humans, 
multiple animal models, including rat models, mouse models, and maybe even studies 
in monkeys, might be necessary to accomplish this. it is thus necessary that scientists 
view the Pmch Ko rat as a complementary animal model in the mch-field, and not as 
competition to the already existing Pmch Ko mouse models. 

MCH2R
Rodents only express mch1R (tan et al., 2002), whereas humans, monkeys, dogs and 
ferrets express both mch1R and mch2R (an et al., 2001; hill et al., 2001; mori et al., 
2001; Rodriguez et al., 2001; sailer et al., 2001; Wang et al., 2001). homology between 
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mch1R and mch2R is ~35%, and the function of mch2R appears to be slightly 
different (no effect on camP; gq specific; an et al., 2001; mori et al., 2001; sailer et al., 
2001). however, studies probing the exact function of mch2R have been limited due 
to its absence in rodent models. it implies that a potential treatment based on mch1R 
function in rodents might result in different effects in humans due to potential effects 
of mch2R. 

Anti-obesity treatment based on MCH1R signaling
many pharmaceutical companies have focused on the mch-mch1R-system to 
develop small-molecule mch1R antagonists for the potential treatment of obesity 
and/or mood disorders (handlon and Zhou, 2006; shimazaki et al., 2006; tavares et 
al., 2006; luthin, 2007). although many small-molecule mch1R antagonists have been 
produced by various laboratories, only three have entered phase i clinical trials before 
2007 (mendez-andino and Wos, 2007). the main reason for this is that many of the 
small-molecule mch1R antagonists display heRg-binding activity in vitro. blockade of 
heRg-channels can induce Qtc (Q wave-t wave interval corrected for heart rate) interval 
prolongation that is frequently associated with potentially lethal arrhythmias (schneider 
et al., 2005). although some novel and more selective mch1R antagonists have been 
developed recently, most of them have limited in vivo activity or are unsuitable for 
clinical development on the basis of their overall absorption, distribution, metabolism, 
and excretion (adme) and safety profile (mendez-andino and Wos, 2007). therefore, 
several pharmaceutical companies have stopped their research programs regarding 
mch1R antagonists. thus, although the development of an obesity or mood disorder 
treatment based on mch1R-antagonsim could be highly valuable, in light of the recent 
developments, the chance that this will happen is limited. 

lIpIn 1

The Lipin 11Hubr protein
in chapter 5 we describe the initial characterization of the Lpin11hubr rat model. these 
rats developed a paralysis and lipodystrophy phenotype during the second postnatal 
week, which attenuated again during development. 

the Lpin11hubr mutation resulted in out-of-frame transcription, thereby disrupting 
lipin 1 had domain iV and completely inactivating PaP1 activity. although mRna 
levels of Lpin1, Lpin1a, and Lpin1b were present or even increased in Lpin11hubr rats, at 
the moment of writing this discussion, we did not yet succeed in demonstrating equal 
or even increased protein levels in Lpin11hubr rats as compared to wild type rats due to 
nonspecific antibodies. 

in chapter 5 however we propose that the attenuation of the Lpin11hubr phenotype 
results from intact transcriptional activity of the lipin11hubr protein. therefore, the 
demonstration that lipin 11hubr protein levels are equal or even increased in Lpin11hubr 
rats as compared to lipin 1 levels in wild type rats is crucial and has be determined as 
soon a possible. 
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The transitory phenotype of Lpin11Hubr rats
Lpin11hubr rats showed an impressive attenuation of the paralysis and lipodystrophy 
phenotype. interestingly, the 20884 double mutant and Lpin120884 mice also 
demonstrated an attenuation of transient paralysis phenotype (douglas et al., 2009). 
the Lpin1 mutation in the 20884 double mutant and Lpin120884 mice induced a missense 
mutation (y873n) in the last exon of Lpin1, and both the 20884 double mutant and the 
Lpin120884 mice showed a significant loss of PaP1 activity (~20% in Wat and nerve tissue 
as compared to wild type; (douglas et al., 2009). moreover, lipin 120884 protein levels 
were equal between genotypes, except for Wat, where protein levels were ~200% as 
compared to wild type protein levels (douglas et al., 2009). 

the Lpin11hubr mutation in the rat did completely inactivate PaP1 activity in Wat 
and nerve tissue of Lpin11hubr rats. although we did not yet succeed in measuring lipin 
11hubr protein levels, mRna levels of Lpin1, Lpin1a, and Lpin1b in Lpin11hubr rats might 
provide an indication that no nonsense-mediated decay mechanism is activated. 

in sum, both Lpin120884 mice and Lpin11hubr rats contain a mutation in the one of the 
last exons of Lpin1. in both situations, PaP1 activity is strongly affected, and in both 
situations mutant rodents demonstrated a pronounced attenuation of the paralysis and 
lipodystrophy phenotype. Finally, lipin 1 protein levels are not affected in Lpin120884 
mice or even increased (douglas et al., 2009). 

on the contrary, a null deletion of Lpin1 (Lpin1fld/fld mice) resulted in complete loss of 
Lpin1 mRna (Peterfy et al., 2001), whereas a near-complete schwann cell-specific null 
deletion of Lpin1 (mPZcre/+/lpfe2-3/fe2-3 mice) resulted in severe loss of Lpin1 mRna and 
lipin 1 protein levels (nadra et al., 2008). moreover, both Lpin1fld/fld and mPZcre/+/lpfe2-3/

fe2-3 mice developed severe neuropathy that did not improve over time (langner et al., 
1991; Peterfy et al., 2001; nadra et al., 2008).  

lipin 1 had direct transcriptional effects on genes involved in fatty acid oxidation 
in the murine liver (Finck et al., 2006). in chapter 5, we proposed and provided 
preliminary, yet strongly suggestive, evidence that lipin 1 has a similar function on 
genes involved in lipogenesis and myelination, in Wat and nerve tissue respectively. 
although additional experiments demonstrating a transcriptional function for lipin 1 
in Wat and nerve tissue have to be performed, the in vivo data suggest that mutant 
protein levels, present at normal levels albeit with a decreased or absent PaP1 activity, 
might be indeed correlated to the transient phenotypes observed in Lpin120884 mice 
and Lpin11hubr rats. 

The role of Lipin 1 in Schwann cell function
in chapter 5 we provided preliminary evidence that lipin 1a, and probably also lipin 1b, 
have the ability to stimulate Krox20 expression in differentiating primary rat schwann 
cell cultures in vitro. although additional experiments are necessary to determine if this 
observation is real, the observation is of great interest. First of all, it indicates that lipin 
1 could potentially be an important player in the schwann cell myelination program. 

in addition, disorders associated with altered cholesterol metabolism (e.g. 
tangier disease and smith-lemli-opitz-syndrome) or fatty acid metabolism (Refsum’s 
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disease and diabetes mellitus) often produce myelin and axonal defects (dyck and 
thomas, 2005). in sum, extended knowledge on how lipin 1 might affect myelination, 
potentially through transcriptional effects, could potentially identify new targets for 
pharmaceutical treatment or stem cell-based gene therapy. 

The role of Lipin 1 in WAT
in chapter 5 we provided evidence that attenuation of the Lpin11hubr phenotype is 
associated with improvements in the lipodystrophy phenotype. as Lpin1 is highly 
expressed in Wat (Peterfy et al., 2001; donkor et al., 2007) and required for the normal 
induction of the adipogenetic program (Phan et al., 2004), a transcriptional function for 
lipin 1 in Wat should not be excluded. moreover, Lpin11hubr rats on a high-fat diet are 
quite capable of increasing their body weight, whereas this ability is absent in Lpin1fld/

fld mice (Phan et al., 2004). as both Lpin1fld/fld mice and Lpin11hubr rats demonstrated 
equal food intake as compared to control animals, these observations indicate that 
Lpin11hubr rats have a partially functional adipogenetic program, whereas mice with a 
null deletion of Lpin1 do not. 

PaP1 activity is fully ablated in Wat of Lpin11hubr rats, whereas the lipin 11hubr protein, 
if present at normal levels, might stimulate the adipogenetic program (Phan et al., 2004). 
therefore, the lipodystrophy might be induced by absent PaP1 activity, by potential 
decreased feeding due to decreased mobility in Lpin11hubr pups, or by a combination 
of both. thus, the lipodystrophy phenotypic improvements might result from increased 
food intake due to relatively increased mobility, correct potential transcriptional activity 
of lipin 11hubr, or a combination of both. although it is difficult to measure food intake in 
weaning pups or very young pups (younger than 15 days), decreased food intake could 
decrease lipid accumulation in Lpin11hubr pups, thus partially masking effects of the 
potential transcriptional activity of lipin 11hubr. however, food intake studies at a young 
age might add additional information regarding this hypothesis, although such studies 
will be challenging to set up properly. 

ConClusIon
the number of people that are overweight or obese has shown an alarming increase 
worldwide in past three decades. good news however is that, at least in the us, this 
increase seems to have stalled (Flegal et al., 2010). as mentioned in chapter 1, the 
obese population can be roughly divided into two groups. the first group is the 
small fraction (~5-10%) of people with obesity caused by (mono)-genetic mutations, 
endocrine disorders, or medication. this fraction has remained relatively stable over 
time. the second group is the large fraction of people with obesity that is caused 
by a combination of high-caloric food intake, decreased physical activity, and genetic 
susceptibility.

as the general knowledge regarding energy homeostasis has increased significantly, 
the development of an anti-obesity treatment based on a key neuropeptide or receptor 
involved in energy regulation might be not far away. however, the increased general 
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knowledge has also demonstrated the complexity and integration of different brain 
systems, all driving one goal: the correct regulation of body weight and subsequent 
health. affecting the function of one such brain system through pharmaceutical 
intervention might thus result in adaptations and subsequent compensation in other 
brain regions. this will inevitably obstruct or even impair the development and function 
of a potential anti-obesity treatment. 

the chance that such a potential anti-obesity treatment is based on the mch-
mch1R-system is small, but still present. if lipin 1 function can be at the basis of a 
treatment for lipodystrophy, paralysis, or both, has to be investigated in the future. it 
is conceivable that an effective pharmaceutical anti-obesity treatment with a one-size 
fits-all characteristic might never be developed. therefore i advice everybody to first 
shift their trust from the scientists to themselves: eat healthy and exercise regularly! 
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samenvattInG In het nederlands (voor nIet-InGeWIjden)

Help.. ik word dik
als mensen overmatig energie consumeren beschikt ons lichaam over de mogelijkheid 
om deze energie op te slaan in de vorm van lichaamsvet. deze eigenschap is 
geoptimaliseerd gedurende de evolutie als gevolg van het feit dat voedsel dankzij 
schaarsheid op onvoorspelde tijden beschikbaar was. door dan gebruik te maken van 
reserve energie die zit opgeslagen in het lichaamsvet vergrootte men de kans om te 
overleven gedurende onfortuinlijke tijden. echter, onze leefwereld is de laatste eeuwen, 
en met name de laatste decennia, zo sterk veranderd dat voedsel en met name voedsel 
met veel energie, aanzienlijk makkelijker beschikbaar is. dit geldt uiteraard wel slechts 
voor een (overigens steeds groter wordend) deel van de bevolking, voornamelijk in 
eerste wereld landen. het is zelfs zo dat in de meeste (stedelijke) gebieden voedsel 
bijna vierentwintig uur per dag en zeven dagen per week verkrijgbaar is. dit heeft er 
voor gezorgd dat een eigenschap die in het verleden voordelig was, het opslaan van 
overmatige energie in de vorm van lichaamsvet nu is veranderd in een eigenschap die 
nadelig is. We worden vaak (te) dik.

 als iemand chronisch teveel energie consumeert, vaak ook in combinatie met 
verminderde lichaamsactiviteit, dan kan diegene extreem overgewicht, ook wel 
obesitas genoemd, ontwikkelen. obesitas wordt gekenmerkt door een extreme 
ophoping van overmatig lichaamsvet en kan leiden tot secundaire aandoeningen 
zoals type 2 diabetes, hart- en vaatziekten, ademhalingsproblemen, gewrichtsslijtage, 
onvruchtbaarheid, en enkele vormen van kanker. het heeft er dan ook alle schijn van 
dat obesitas op dit moment de meest voorkombare doodsoorzaak ter wereld is met 
grote medische en financiële druk op de maatschappij als gevolg. slechts bij een klein 
gedeelte van alle mensen met extreem overgewicht (~5-10%) wordt dit veroorzaakt 
door genetische mutaties, endocriene stoornissen, of medicatie. het overige en 
significante percentage is voornamelijk het resultaat van een slechte levensstijl. 

een recent rapport in nederland heeft aangetoond dat ongeveer de helft van alle 
volwassenen overgewicht heeft, en dat 11% van hen aan obesitas (extreem overgewicht) 
lijdt. Voor nederlandse adolescenten zijn deze aantallen even hoog of zelfs hoger. in 
landen zoals de Verenigde staten en china lijdt ongeveer 33% van de volwassenen aan 
obesitas. 

Waarom eet ik?
Voordat we een  mogelijke medicatie tegen obesitas kunnen ontwikkelen moeten 
we eerst begrijpen hoe energiehuishouding gereguleerd wordt in het lichaam. 
immers, zonder energie kan ons lichaam niet functioneren en sterven we. Zonder dat 
we het merken nemen we continue het besluit om te eten, of om juist niet te eten. 
dit getuigt van de efficiëntie waarmee onze hersenen een zeer grote hoeveelheid 
complexe informatie kunnen verwerken. nutriënten worden immers geïdentificeerd 
en gescheiden van potentieel gevaarlijk componenten door gebruik te maken van 
zicht, geur, aanraking, en ervaring, of als voedsel reeds is geconsumeerd via signalen 
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die onze nutritionele status reflecteren. deze signalen zijn bijvoorbeeld afkomstig 

uit de maag of darmen (korte termijn signalen) of via het lichaamsvet (lange termijn 

signalen). energiehuishouding is het proces dat probeert energie-inname gelijk te 

stellen aan energie-uitgave, met als doel een stabiel lichaamsvetgehalte. als we veel 

energie verbruiken, dan zal ons lichaam dat proberen te compenseren door meer 

energie te consumeren. signalen in het lichaam zullen dan aangeven dat er weinig 

reserve energie is, en deze signalen zullen centraal in de hersenen verwerkt worden, 

uiteindelijk resulterend in tijdelijke verhoogde voedselinname. 

in de hersenen zijn meerdere gebieden die een belangrijke rol spelen in het 

proces van energiehuishouding. belangrijke signalen, zoals het lange termijn signaal 

leptine dat wordt geproduceerd in vetcellen en dus een indicatie is voor de totale 

hoeveelheid lichaamsvet, worden voornamelijk verwerkt in de ‘arcuate nucleus’ (aRc), 

een hersengebied dat in contact staat met de bloedbaan. in de aRc bevinden zich 

neuronen die een belangrijke rol spelen in de regulatie van energiehuishouding. deze 

neuronen ‘communiceren’, vaak door middel van kleine stofjes zoals neuropeptiden, 

weer met andere neuronen in andere hersengebieden. Zodoende ontstaat een 

complex ‘communicatie netwerk’ waarvan het resultaat een verhoging of een verlaging 

is in energie uitgave en/of inname. 

het proces van energie regulatie is, zoals eerder aangegeven, zeer complex. Vele 

neuropeptiden in vele verschillende hersengebieden spelen een rol. het is daarom een 

een complexe uitdaging om de functie van elk neuropeptide te achterhalen. de reden 

waarom wetenschappers veel energie steken in het aangaan van deze uitdaging is dat 

het  wellicht wel mogelijk is om de functie van een enkel neuropeptide (of meerdere 

neuropeptiden) te beperken of te vergroten om zodoende het lichaamsgewicht te 

laten verminderen. het liefst onderzoekt men de functie van elk neuropeptide in een 

situatie waarin de functie van de andere neuropeptiden gelijk is aan de werkelijkheid. 

in de realiteit is dit echter vaak lastig. omdat het ethisch niet te verantwoord is om 

studies in mensen uit te voeren, gebruiken wetenschappers vaak modelorganismen 

die de situatie in de mens zo goed mogelijk na bootsen. dit gebeurd onder strenge 

begeleiding van ethische commissies. in dit promotieonderzoek gebruiken we ratten 

(Rattus norvegicus) waarbij we een mutatie (foutje) geïntroduceerd hebben in een gen 

dat belangrijk is voor het proces van energiehuishouding.

Dit proefschrift
Waarom gebruiken we de rat om onderzoek te doen? de rat toont genetisch grote 

overeenkomst met de mens, en veel genen die betrokken zijn bij energie huishouding 

zijn vrijwel hetzelfde in rat en mens. Resultaten gevonden in ratten gelden dus 

waarschijnlijk ook voor mensen. daarnaast is de rat relatief groot (vergeleken met een 

vlieg of een muis) en dus beter geschikt voor complexe operaties. Verder is de rat 

ook relatief slim en dus goed te gebruiken in complexere gedragsstudies. dit laatste 

is met name van belang omdat de ontwikkeling van obesitas bij mensen een grote 

gedragsmatige component heeft.
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Hoofdstuk 1 biedt een algemene introductie over de regulatie van 
energiehuishouding. in hoofdstuk 2 beschrijven we ratten die een mutatie hebben in 
het gen dat codeert voor melanin-concentrating hormone (Pmch). de mutatie in dit 
gen heeft er voor gezorgd dat het gen niet meer goed afgelezen kan worden waardoor 
het neuropeptide, het eindproduct van het gen, niet meer gemaakt kan worden. 
Ratten die de mutatie dragen (Pmch-/-) hebben ongeveer 20% minder lichaamsgewicht 
dan ratten die wel het functionele mch gen hebben (Pmch+/+). dit lijkt voornamelijk 
te komen doordat Pmch-/- ratten minder eten dan Pmch+/+ ratten. als een 1-jaar oude 
Pmch+/+ rat dus 1 kilogram weegt, dan weegt een Pmch-/- rat van gelijke leeftijd 
ongeveer 800 gram. dit is een groot verschil, vooral als je het vertaald naar menselijke 
proporties, en het lijkt er dus op dat mch dus een belangrijke rol speelt in het proces 
van energie huishouding. Farmaceutische bedrijven zijn dan ook zeer geïnteresseerd 
in mch om te kijken of ze wellicht een medicatie kunnen baseren op basis van de 
functie van mch. 

Pmch-/- ratten zijn dus lichter, hebben minder vet, eten minder, maar lijken verder 
normaal. naast deze algemene beschrijving van het model presenteren we ook 
een nieuwe vinding, en wel dat het erop lijkt dat mch erg belangrijk is gedurende 
de eerste ~55/60 levensdagen van de rat. het verschil in lichaamsgewicht ontstaat 
namelijk alleen gedurende deze eerste periode. als men dit vertaalt naar mensen dan 
is dat ongeveer tot het einde van de puberteit. dit zou kunnen betekenen dat mch 
belangrijk is gedurende volwassenheid, als men bijvoorbeeld een tekort aan reserve 
energie hebt, maar misschien nog wel belangrijker gedurende vroeg ontwikkeling en 
puberteit wanneer mensen hard groeien en veel energie nodig hebben. 

in hoofdstuk 3 bestuderen we wederom Pmch-/- ratten, die lichter zijn, maar nu kijken 
we naar waarom ze minder eten. het maaltijd patroon van Pmch-/- ratten lijkt normaal, 
maar per maaltijd eten ze beduidend minder. ook hebben we experimenten gedaan 
waarbij  ratten zichzelf voedselbeloningen kunnen geven door op een pedaaltje te 
drukken. als we dit in toenemende mate moeilijker maken (ze moeten vaker drukken 
voor één beloning) lijkt het erop dat Pmch-/- ratten minder ‘gemotiveerd’ zijn om te 
werken voor deze voedselbeloningen dan Pmch+/+ ratten. dit zou erop kunnen duiden 
dat mch een rol speelt in een hersengebied dat belangrijk is voor de belonende waarde 
van eten. dit hersengebied speelt ook een rol speelt bij verslavingen. daarom hebben 
we dezelfde truc herhaalt, alleen nu mochten de ratten zichzelf kleine hoeveelheden 
cocaïne toedienen. Verassend genoeg bleek toen dat Pmch-/- ratten meer ‘gemotiveerd’ 
waren om te werken voor de cocaïne toedieningen dan Pmch+/+ ratten. dit is dus 
precies andersom dan bij voedselbeloningen. Verder tonen we aan dat veranderingen 
in dopamine huishouding, een stofje dat belangrijk is voor beloningsmechanismen,  
wellicht onderliggend zijn aan de waargenomen ontkoppeling tussen ‘natuurlijke’ en 
‘niet-natuurlijke’ beloningen. dit zou kunnen betekenen dat mch een rol speelt in de 
beloningswaarde van voedsel om zodoende van nature voedsel inname te stimuleren.  

in hoofdstuk 4 bestuderen we het lichaamsvet van Pmch-/- ratten. Pmch-/- ratten 
hebben namelijk ~20% minder lichaamsgewicht en zelfs ~50% minder lichaamsvet. 
dit zou erop kunnen duiden dat niet alleen een verminderde voedselinname leidt 
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to minder vet opslag, maar dat er wellicht nog additionele mechanismen hierin een 
rol spelen. Vervolgens hebben we Pmch+/+ ratten evenveel eten gegeven als Pmch-/- 
ratten. deze Pmch+/+ ratten hadden echter aanzienlijk meer vet opslag dan de 
Pmch-/- ratten. ook dit geeft aan dat er nog meer aan de hand is in het vet van Pmch-/- 
ratten. Voortijdelijk onderzoek geeft aan het niveau van twee stoffen, adrenaline en 
noradrenaline, verhoogd lijkt in het bloed van Pmch-/- ratten. deze stoffen stimuleren 
de afbraak van vet en zouden dus een belangrijke rol kunnen spelen in de verminderde 
vetopslag van Pmch-/- ratten. om dit echter duidelijk aan te tonen is het nodig om 
verdere vervolgexperimenten uit te voeren. 

in hoofdstuk 5 beschrijven we tenslotte ratten die een mutatie hebben in het 
gen dat codeert voor lipin1. de mutatie in dit gen introduceert een foutje, maar het 
zorgt niet voor afbraak van het eindproduct. uit literatuur blijkt dat het eindproduct 
twee verschillende functies heeft: 1) een enzymatische functie die belangrijk is voor 
vet metabolisme omdat het een stofje omzet in een belangrijk tweede stofje; 2) het 
is onderdeel van een complex en beïnvloed zodoende de activiteit van weer andere 
eindproducten. 

Ratten met een mutatie in het gen dat codeert voor lipin1 (Lpin1-/-) lijken normaal tot 
ongeveer een week na de geboorte, maar vervolgens groeien ze een stuk minder goed 
(ze zijn kleiner en hebben minder lichaamsgewicht) en ontwikkelen ze een verlamming, 
voornamelijk aan het achterlijf. het blijkt dat de Lpin1-/- ratten minder vet opslaan, 
maar ook dat de beschermlagen om neuronen (eerstgenoemde bestaan ook voor een 
groot gedeelte uit vet) niet goed ontwikkelen. tot onze verassing verdwijnen deze 
aandoeningen grotendeels als de ratten weer ouder worden. om dit te documenteren 
hebben we gekeken naar vetopslag en het uiterlijk van de neuronenbeschermlagen 
in jonge en oudere Lpin1-/- ratten. beide processen verbeteren inderdaad aanzienlijk 
over tijd. tot slot geeft eerder onderzoek aan dat het gemuteerde lipin1 product 
een mogelijke directe rol speelt in de algemene verbetering van Lpin1-/- ratten. 
Vervolg experimenten zullen echter moeten aantonen of dat werkelijk zo is en welke 
mechanismen hiervoor verantwoordelijk zijn. 
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aCknoWledGements 

hoppa, gekkenhuis! het boekje is af. 

een paar jaar geleden begon het met “nietsch kan je!”, maar gelukkig heb ik 
inmiddels het tegendeel bewezen. echter, zonder de hulp van vele anderen was het 
nooit zo ver gekomen. 

edwin, bedankt voor de goede begeleiding, de zakelijke leerschool, maar vooral 
voor de vrijheid en je vertrouwen. hierdoor kon ik allerlei samenwerkingen aangaan en 
zelf op vele verschillende instituten onderzoek doen. 

susanne, ik kan niet vaak genoeg zeggen hoe dankbaar ik ben dat je me welkom 
heette in de wondere wereld van lichaamsgewicht regulatie. Zonder jou was ik niet 
verder gekomen dan een ratje in een weegschaal zetten. Je bent een uniek persoon 
en als er meer mensen zoals jij zouden zijn, dan zou het wetenschapswereldje een stuk 
leuker zijn. dries, dit geldt ook voor jou. 

de cuppen groep, alle huidige collega’s (en oudgedienden): Wat zijn jullie af een 
toe een losgeslagen bende projectielen. daardoor was het wel altijd een genot om 
met jullie te werken. bedankt voor de toptijd, de discussies (vaker over andere zaken 
dan over metabolisme), de biertjes en de mooie uurtjes op borrels, feestjes en in 
bruine kroegjes. Judith, harma, esther, Ruben, michal, en Jos, bedankt voor de leuke 
kamer (en dat jullie het uithielden met mijn soms interessante muziekkeuze: boem 
boem boem boem boem boem boem boem boem!).  

over uithouden gesproken. alle studenten die dat deden (of niet), michal, 
magdalena, sabine, eoghan, en heleen: bedankt voor jullie geweldige inzet en 
bijdrage. eoghan, i will never forget bringing you (and daniel) home. i didn’t know 
humans were able to get that drunk!

het hubrecht instituut, het is werkelijk waar een geweldige plaats om te werken. ira 
en Janny, jullie zijn geweldig, bedankt voor alle hulp. alle td en it mannen, Jeroen en 
harry, de receptionisten, en last but not least, de dierverzorgers. Zonder jullie allemaal 
zou alles een stuk minder makkelijk gaan. alle huidige (en verdwenen) gezellige 
borrelgangers, jullie hebben de afgelopen 4 jaar tot een werkelijk festijn gemaakt: 
de Rex, Vrijmibo’en, klootschieten, ijsjes, bowlen, rockchicks in de ekko, knakworsten, 
de PV, fireballs, stiften, de grote o, mamibo’en, dimibo’en, Womibo’en, domibo’en, 
happy hardcore feestjes, whisky proeverijen (binnen of buiten een zwembadje), 
nieuwjaarsdiners, het bootje, vrijdagmiddag-slechte-muziek-dag, zaalvoetballen, of 
mexxen op chrismukkah-borrels: het was altijd super. 
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all the people that were brave enough to start a collaboration with me: susanne 
(Rmi/amc), Roger (Rmi), Jean-louis (iPmc), dries (nin/amc), Peter (lumc), bart 
(Radboud), Ralph (yale), taco (Vumc), Roman (lausanne), eric (WKZ), olivier (uci), 
Judith (Radboud), Richard (bratislava), dies (erasmus), and tim (gsu). thank you! 
Without your effort and that of your colleagues (chun-Xia, Karim, Robert, marieke, 
sjoerd, and arjen to name a few) a significant part of this thesis would be missing. 

de Rat Pack: Ruben en Pim. ik had jullie niet kunnen of willen missen! Van genoom 
studies naar metabole studies is vaak een grotere stap dan we dachten. Pim, bedankt 
voor je onmisbare hulp: midden in de nacht rondom een horrorfilm met een belgisch 
biertje, bij het vasthouden van een monster van 900 gram die mijn vinger in z’n vizier 
had, of gewoon als iets weer eens tegen zat. laat het gaan, laat het vallen, laat het los, 
of niet?! ik kan geen lievere papa bedenken voor noortje. alhoewel... Rubeninho, hoe 
doe je het toch? een tweede kleine donder op komst geboren, op tijd promoveren, 
altijd vrolijk en enthousiast (nou ja, bijna altijd), en ook nog makkelijk winnen met het 
‘publicatie wedstrijdje’. ik bewonder hoe je het allemaal doet. succes allebei met de 
nabije toekomst! Vergeet niet dat er altijd een plekje beschikbaar is in cincinnati...

de Paranimfen: Pim, ik vind het super mooi dat je na 4.5 jaar naast me staat. ik hoop 
dat je het net zo leuk vindt als ik. Willem, wat een cola of drie tijdens een groentijd toch 
niet kan opleveren.. ik hoop dat we deze zomer nog veel feestjes gaan pakken! 

Voor iedereen die zich nu vergeten voelt, dat ben ik niet. 

de Familie: lieve papa, mama, naomi, malka, ernst, kleine ernst, en max, bedankt 
voor jullie onvoorwaardelijke liefde en support als ik weer eens niet kwam opdraven of 
2 maanden niet had gebeld. en ondanks dat het af en toe een beetje hogere wiskunde 
was, vroegen jullie altijd hoe het ging op het werk. ik ga jullie enorm missen, en ik vind 
het jammer dat we straks zo ver van elkaar vandaan wonen. gelukkig is er genoeg 
logeerruimte in de Vs. 

lieve marieke, zonder jou zou het allemaal leeg zijn. Van ‘cin-ci-net-nie’ naar ‘sin 
city’: ik ben blij dat we samen weer eens op avontuur gaan! ‘you can always be my 
wingman’!
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