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1. Viral vector mediated gene delivery to the central nervous 
system 
Human diseases of the central nervous system (CNS), like Huntington’s disease, 
familiar Alzheimer’s disease and familiar amyotropic lateral sclerosis, have been 
associated with mutations in genes. In addition, genetic variations can contribute to 
the susceptibility for a disease or a disorder, such as autism and schizophrenia. To 
understand how a certain gene is involved in the development of a disease, the 
function of a gene needs to be determined. In mice a specific gene can be deleted 
or overexpressed in (all) cells by homologous recombination or transgenesis. 
Currently, many genetic mouse models are available to investigate gene function; 
however, rats are often better models for human diseases, such as diabetes, 
cardiovascular diseases and psychiatric disorders. Unfortunately, genetic 
modification in rats is hampered, because homologous recombination has a very 
low success rate in species other than mice. However, viral vectors are able to 
(locally) modify gene expression and their application is not limited to the mouse, 
they can be used in any species.  
 
Genetic and pharmacological studies have contributed widely to unravel pathways 
underlying diseases. In vivo drug administration studies and knockout models in 
rodents have greatly contributed to the knowledge concerning the role of leptin and 
melanocortin (MC) signaling in modulating energy homeostasis. However, these 
studies showed some contradictory results, e.g. intracerebroventricular (ICV) 
infusion of agouti-related peptide (AgRP, a inverse agonist for MC receptors in the 
brain) increases food intake and body weighty significantly, while AgRP knockout 
mice show relatively normal ingestive behavior and body weight (1, 2). Most 
pharmacological and knockout studies have focused on the effects of 
neuropeptides or their receptors in the whole brain by infusing the peptides ICV or 
investigating whole body knockout mice. When a drug is administrated ICV, the 
drug can bind to all its receptors in different brain regions, which is not a normal 
physiological response when a gene product is released locally; therefore the 
normal function of the gene product may not be seen under these manipulated 
conditions. A comparable situation occurs in case of transgenic overexpression or 
knockout of a gene, the gene is expressed in many places at once, even in areas 
were it normally is not expressed, or the gene is deleted in all places. A gene plays 
a specific role in a particicular neural circuit to control a certain behavior. 
Therefore, brain nucleus specific studies may help to elucidate the role of a gene 
more specifically. Local infusion studies with permanent cannulae in the brain have 
been performed, but the drugs can only be infused for up to a week. In addition, 
neuron type specific knockout is possible, because there is a wide range of cre-
expressing mice available, however, not all brain areas or neuron types can be 
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targeted and developmental compensation can not be ruled out. In this thesis we 
used viral vector mediated gene transfer as a complementary approach to study 
the role of leptin and MC systems in specific brain areas in regulation of energy 
homeostasis, this as an example of how viral vectors can be applied to determine 
gene function in the CNS.       
    
Viral vector mediated gene transfer 
A viral vector is derived from a wild type virus, by removing most of the viral 
genome and replacing it with a promoter and a gene sequence of interest (Fig. 1). 
The recombinant viral genome can be co-transfected with plasmids, which contain 
the original viral genes for replication and packaging, into cells.  

 
Figure 1 - Schematic overview: how to engineer a viral vector from a virus 
The vector DNA contains the transgene expression cassette and non-coding cis-acting sequences 
including the packaging signal (ψ). The helper DNA contains genes which are essential for replication 
and packaging but lacks ψ. The helper genes can sometimes be split over multiple plasmids to enhance 
biosafety (more recombination events are needed to end up with a wild type virus). After transfection of 
the plasmids into cells, the cells will produce replication proteins, that are involved in the synthesis of 
many copies of vector genome (DNA or RNA, depending on the viral vector). In addition, viral structural 
proteins are produced and these recognize the ψ sequence in the vector genome and package the 
vector genome into a viral particle. The helper plasmid does not contain ψ and therefore is not 
packaged into a particle. Modified from (3). 
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These cells subsequently produce replication deficient viral particles, because the 
viral particles only contain the modified viral genome and do not contain genes 
which are necessary for replication and packaging. This increases the biological 
safety (reviewed in (3)). 
 
Viral vectors can establish stable gene expression for long periods of time and they 
can be used at any moment during life to overexpress a specific gene or to 
suppress a desired gene by RNA interference (RNAi). RNAi can be mediated by 
small interfering RNAs (siRNAs) or short hairpin RNAs (shRNAs) which target a 
specific gene and degrade the mRNA and/or block the translation of the mRNA into 
a protein (reviewed in (4)). Synthetic siRNAs are rapidly degraded in cells, thus 
they can only decrease gene expression for a short period of time (5, 6). This 
transient effect may be circumvented by the use of shRNAs. A shRNA is a siRNA 
with a hairpin structure (loop) and can continuously be transcribed from a RNA 
polymerase III promoter (6, 7). In addition, shRNAs are more efficiently loaded into 
the RNA-induced silencing complex (RISC) than siRNAs (8). One aspect to keep in 
mind when using RNAi is the possibility of unintended regulation of other genes 
(off-target effects), due to partial complementary sequences or due to a wide range 
of immune and toxicity effects, e.g. activation of interferon (reviewed in (8)).  
There are different classes of viral vectors; all with their own advantages and 
disadvantages. The classes can be divided in two groups, namely those which 
integrate into the chromosome (retroviruses and lentiviruses (LV)) and those which 
persist in the nucleus as extrachromosomal episomes (adeno-associated viruses 
(AAV), adeno-viruses and herpes simplex viruses). Table 1 shows the properties of 
these different viral vectors (reviewed in (9)).   
LV and retroviral vectors differ in their tropism even when they are both packaged 
with the G protein of vesicular stomatitis virus (VSV-G) envelop. A retroviral vector, 
e.g. Moloney murine leukemia virus (MoMLV) only transduces dividing cells, 
because the pre-integration complex (PIC) enters the cell nucleus when the 
nuclear membrane breaks down, however LV vectors transduce dividing and non-
dividing cells, because their PIC can cross the nuclear cell membrane (10, 11). 
However, integration in the chromosome by LV and retroviral vectors is not a 
guarantee for stable expression, since integrated vector genomes can be silenced 
over time (12, 13). In addition, these integrating vectors have a risk of inducing 
insertional mutagenesis.    
Herpes simplex viral -1 (HSV-1) vectors can be made in two ways. One method is 
to remove 1 or more essential replication gene(s). These replication deficient 
recombinant HSV-1 vectors have the capacity to express transgenes after a latent 
infection in central and peripheral neurons. These vectors can package up to 40 kb 
of transgenic sequences.  
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The other method is to remove all viral genes, except for the packaging signal and 
the origin of replication; these vectors are helper dependent and are called 
amplicon vectors. Amplicon vectors may contain large inserts up to 150kb, when 
the inserts are smaller the amplicon vectors carry concatamers of DNA which are 
derived from the amplicon plasmid (14, 15). In addition HSV-1 vectors are able to 
spread trans-synaptically from neuron to neuron, in anterograde and retrograde 
direction (15). 
In adenoviruses similar deletions as in HSV-1 vectors can be made to obtain 
replication deficient or helper dependent adenoviral vectors, the later can have 
larger transgene inserts (16).  In addition, helper dependent adenoviral vectors 
show a decrease in immunogenicity and a prolonged transgene expression 
compared to replication deficient adenoviral vectors (3, 17). 
AAV (AAV) and LV vectors are attractive tools to modify gene expression, because 
they can transduce dividing and non-dividing cells, establish stable expression for 
long periods of times and have low immunogenicity. Therefore in this thesis these 
two viral vectors were tested in their ability to transduce the adult rat hypothalamus 
and amygdala. Below there is a short description of the properties of these 
viruses/vectors.  
 
Lentiviral vectors 
LV infects vertebrates, particularly primates and domestic animals. and cause a 
slowly progressive disease (lenti in Latin means slow). LV is a RNA virus derived 
from retroviruses with three open reading frames: gag, pol and env which encode 
for capsid proteins, viral enzymes and envelope glycoproteins. In addition, they 
carry regulatory and accessory genes to control their own gene expression. A 
number of LV members have been used as viral vectors, such as human 
immunodeficiency virus (HIV)-1, simian immunodeficiency virus (SIV), equine 
infectious anaemia virus (EIAV) and feline immunodeficiency virus (FIV). 
A LV vector contains two long terminal repeats (LTRs), a packaging signal (part of 
gag), a rev-responsive element (RRE, to promote nuclear export of viral RNA), a 
flap region (includes central polypurine tract (cppt), contributes to nuclear import of 
proviral DNA) and a transgene insert, with a promoter and a gene of interest and 
often a woodchuck hepatitis post-transcriptional response element (WPRE) (18, 
19, 20, 21). Most LV vectors used today are self-inactivating (SIN); the regulatory 
elements in the 3’LTR are deleted and this prevents vector mobilization by wild 
type viruses (22).  
The normal envelop of LV only has a narrow tropism, it only infects cells that 
express the CD4 receptor. Therefore LV vectors are often pseudotyped with other 
viral envelops, in particular with vesicular stomatitis virus glycoprotein (VSV-G) (23, 
24), which appears to interact with a ubiquitous cellular “receptor”, rendering a 
broad tropism (25, 26). In addition, VSV-G pseudotyping increases particle stability 
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(27). Other envelopes which are used to pseuodtype LV vectors are for example 
rabies glycoproteins, lymphocytic choriomeningitis virus glycoproteins and 
alphavirus glycoproteins (28).   
LV vectors can be used for local gene delivery to the (adult) rodent brain (11, 29, 
30, 31). In addition, LV vectors can be used to make transgenic animals, because 
they can integrate into the chromosome (32, 33).  
 
Adeno-associated viral vectors  
AAV is a non-pathogenic virus, which belongs to the family of Parvoviridae. AAVs 
are unique since they require co-infection with an unrelated helper virus, such as 
adenovirus or herpes virus, for efficient replication (34, 35). The viral genome is 
asingle stranded DNA strand and it contains two open reading frames; rep 
(encoding 4 Rep proteins essential for replication, transcriptional control, site 
specific integration and accumulation for viral packaging) and cap (encoding 3 viral 
capsids proteins (VP)). The AAV genome is flanked by inverted terminal repeats 
(ITRs). The 3’ITR is a primer for synthesis of new DNA strands. In addition,  the 
ITRs have a Rep binding site (Rep 78 and 68 can bind and exert site specific 
endonuclease activities) and a terminal resolution site (that is identical to a 
sequence in human chromosome 19, AAVS1) to facilitate integration of the viral 
genome (reviewed in (36)). AAV vectors remain predominantly episomal because, 
the rep and cap sequences are removed (reviewed in (37)). 
The capsid, surrounding the AAV vector genome, mediates cell surface receptor 
binding, endocytosis, intracellular trafficking and unpackaging (38, 39, 40).  
Capsid diversity is found in natural AAV variants (serotypes) and these serotype 
capsids account for different tropism, because different serotypes use different 
receptors and trafficking pathways to enter cells. Until now at least 12 serotypes 
are discovered (AAV1-AAV12) (41, 42, 43, 44, 45, 46, 47, 48, 49, 50) of these 
serotypes AAV2 is the most widely used. AAV2 uses heparan sulfate 
proteoglycans (HSPG) as attachment receptors and at least 3 receptors are 
reported to act as co-receptor, namely fibroblast growth factor receptor type 1, 
αVβ5 integrin and hepatocyte growth factor receptor c-Met (51, 52, 53, 54). For the 
other serotypes the entry receptors are hardly identified. AAV3 binds to heparin 
while AAV1 and 5 do not (55), suggesting that AAV3 also uses HSPG as an 
attachment receptor. In addition, AAV1, 5 and 6 appear to use α-2,3- or α-2,6-N-
linked sialic acid as receptors, while AAV4 uses α-2,3-O-linked sialic acid (56, 57). 
In addition, AAV5 has been shown to use platelet derived growth factor receptor 
(PDGFR) as a co-receptor (58). However, the attachment receptors and co-
receptors for most serotypes are still unknown.  
Tropism of rAAV vectors can be altered by pseudotyping the rAAV genome with 
one or a combination of serotype capsid proteins (mosaic capsids) (55, 59). 
However, more specific tropism can be obtained by ligand mediated receptor 

C
ha

pt
er

 1
 



General introduction 

 19 

targeting. There are two ways for receptor targeting; the indirect way, a bispecific 
adaptor molecule binds to the vector and to the receptor (60) and the direct way, a 
target-receptor binding ligand is integrated directly into the capsid (reviewed in 
(61)).  
AAV vectors can be used for local gene transfer in (adult) rat brain and can 
establish long term expression (62, 63, 64, 65, 66).  
 
2. Neurobiology of energy balance 
The brain integrates a wide range of informative stimuli for nutritional state and for 
energy levels of the body, to produce appropriate responses in terms of food intake 
and energy expenditure to maintain a stable body weight (homeostatic control). 
However, in the western society, obesity is prevailing because there is plenty of 
palatable food available and there is less need to exercise. In the case of 
overconsumption, homeostatic control is overruled by non-homeostatic systems, 
which influence the hedonic aspects of feeding behavior, i.e. wanting and liking of 
food. The homeostatic and non-homeostatic systems are regulated by different 
brain areas. The hypothalamus and the hindbrain are involved in homeostatic 
control, while higher brain areas such as nucleus accumbens and amygdala are 
involved in non-homeostatic control (reviewed in (67))(Fig. 2).  
 
Hypothalamic circuits 
Already in the 1950’s, brain lesions and stimulation studies identified the 
hypothalamus as a major brain area controlling energy homeostasis (68, 69). 
However, it has become evident that the hypothalamic regulation of energy 
balance involves a complex network of integrated pathways.  
The arcuate nucleus (ARC) in the hypothalamus is highly sensitive to peripheral 
signals, such as adiposity signals leptin and insulin, because it is in close proximity 
to the blood stream (70). In addition, when the ARC is destroyed leptin can no 
longer reduce food intake (71, 72). The ARC contains two important groups of 
neurons which are involved in energy balance; one population synthesizes the 
anorexigenic neuropeptides pro-opiomelanocortin (POMC) and cocaine- and 
amphetamine-regulated transcript (CART) (73), while the other population 
produces the orexigenic neuropeptides Agouti-related peptide (AgRP) and 
neuropeptide Y (NPY) (74). POMC/CART neurons and AgRP/NPY neurons react 
in opposite manners to different signals, such as leptin or insulin. In addition, 
activation of AgRP/NPY neurons inhibits the activity of POMC neurons via GABA-
ergic projections and/or melanocortin 3 receptor (MC3R, which may function as an 
autoreceptor)(75)  (Fig. 3). Taken together these data suggest that the ARC is an 
important nucleus for integration of signals related to energy status, such as leptin 
and insulin, and it is involved in the initiation of a neuronal feeding response via 
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projections to other hypothalamic areas, but also extra-hypothalamic areas such as 
the hindbrain (reviewed in (76, 77)). 
 
 
 
 
 

   
 
 
 
 
 
 
Figure 2 - Simplified overview of neural circuits involved in the energy homeostasis 
Acc: nucleus accumbens; AP: area postrema; ARC: Arcuate nucleus; CeA: central amygdala; DMV: 
dorsomotor nucleus of the vagus; LH: lateral hypothalamus; NTS: nucleus of the solitary tract; PB: 
parabracchial nucleus; PVN: paraventricular nucleus; VMH: ventromedial hypothalamus. Modified from 
(78). 
 
Neurons of the ARC project to several hypothalamic nuclei including the 
paraventricular nucleus (PVN), the lateral hypothalamus (LH) and the  
ventromedial hypothalamus (VMH) (79). The PVN, VMH and LH play different roles 
in feeding behavior. Lesioning of the PVN or the VMH increased food intake and 
resulted in obesity, while electrical stimulation of the PVN or the VMH inhibited 
food intake (80, 81).The PVN and VMH contain neuronal subsets of neurons which 
produce anorectic peptides (the subsets in the PVN contain peptides such as 
corticotropin-releasing factor (CRF), thyrotropin-releasing hormone (TRH) and 
oxytocin (OT), whereas glucoresponsive neurons of the VMH produce brain-
derived neurotropic factor (BDNF) (82, 83)). The PVN and VMH have projections to 
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many brain area’s, such as the hindbrain, autonomic preganglionic nuclei, and 
higher brain areas (67, 84, 85, 86). 
In contrast to PVN and VMH, lesioning of the LH decreased food intake, while 
electrical stimulation increased food intake (87, 88). There are two subsets of 
orexigenic neurons in the LH, namely melanin concentrating hormone (MCH) 
expressing and orexin expressing neurons (89, 90, 91, 92). The LH also directly 
innervates autonomic centers in the hindbrain (93).    
 
 

 
Figure 3 - Schematic overview of melanocortin system within the arcuate nucleus 
Some receptors of the large number of neuropeptides and hormones which regulate the network are 
indicated. However, the localization of the receptors, presynaptic or postsynaptic, is often not known. 
LepR: leptin receptor; MC3R: melanocortin 3 receptor; µ-OR: µ opioid receptor; Y1R and Y2R: NPY 
receptor 1 and 2 respectively. Modified from (75). 

 
Hindbrain circuits 
Neurons in the hindbrain are involved in ingestive consummatory behaviors such 
as licking, swallowing and chewing, which generate and terminate food intake; 
thereby determining meal size. These neurons can be influenced by satiation 
signals, like sensory signals from gastric distension and release of intestinal 
hormones (e.g. cholecystokinin (CCK), glucagon like peptide-1 (GLP-1)), because 
thes signals can activate receptors on vagal afferent neurons, which project to the 
hindbrain (Fig. 2). Rats with transected hypothalamic-caudal brainstem projections 
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(decerebrated) can decrease meal size when they receive a gastric preload; 
however, they can not alter the meal size when they are food deprived (94, 95). 
This suggests that meal size alterations due to gastric components are located in 
the caudal brainstem; whereas forebrain structures are involved in meal size 
regulation due systemic/metabolic changes in response to food deprivation. The 
integration of gastrointestinal (GI) satiation signals and metabolic signals such as 
leptin may be located in the medial NTS (mNTS). The mNTS contains a subset of 
neurons which respond to GI signals and to leptin (77). In addition, rats with 
knockdown of the long form leptin receptor (LEPRb) in the mNTS are less sensitive 
for intake suppressive effects of CCK and show an increase in food intake (96). 
Besides leptin, MCs are also able to modulate sensitivity of NTS neurons for GI 
signals (reviewed (77)).    
 
Higher brain areas 
The higher brain areas regulate non-homeostatic control of food intake and can 
overrule homeostatic control, i.e. you can eat a dessert because you like and want 
it, while you are already satiated by the main course. In addition, non-homeostatic 
control of food intake also plays a role in food preference, e.g. to eat food which is 
rich in carbohydrates and fat. Brain areas involved in this control include several 
regions of the cortex, nucleus accumbens (Acc), amygdala and ventral tegmental 
area (VTA). These areas are involved in the motivation to eat by interpreting 
sensory factors (e.g. smell, taste), emotional processes (e.g. stress can make you 
eat) and decision making processes (e.g. you want to diet) (97). The processes 
depend on multiple neurotransmitter systems, such as GABA, glutamate, opioids 
and dopamine. It is suggested that liking (the pleasure derived of a palatable food) 
involves opioid and GABA systems, while wanting (motivation component) is 
associated with the dopamine system (67). The higher brain areas are also 
connected to the hypothalamus and hindbrain (67, 97).  
 
The hypothalamic circuit, hindbrain and higher cortical areas are all interconnected 
and may regulate distinct components of energy balance.  
 
3. Leptin-melanocortin signaling 
In the brain the MC signaling pathway is downstream of the leptin system, since 
leptin can activate transcription of POMC derived melanocortins and inhibits AgRP 
transcription in the ARC, thereby leptin increases MC signaling (75, 98, 99). In 
addition, leptin can also decrease transcription of NPY (100).  
 
Leptin system 
Leptin is a adipocyte-derived hormone which circulates in the blood at levels which 
are roughly proportional to body fat (101) and it has anorexigenic properties; leptin 
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decreases food intake and increases energy expenditure (reviewed by (102)). 
Spontaneous leptin deficiency (obese (ob/ob) mice), leptin receptor deficiency 
(diabetes (db/db) mice, Koletsky rat) or leptin receptor missense mutation (Zucker 
fatty rats) results in hyperphagia and obesity mice and rats (103, 104, 105, 106). 
Most obese humans and rodents appear to be resistant to leptin, since they have 
high leptin levels, but still over-consume calories (101, 107, 108, 109). Several 
mechanisms to mediate leptin resistance have been proposed like impaired leptin 
transport from the blood to the brain cerebrospinal fluid, impaired leptin receptor b 
(LEPRb) expression and impaired LEPRb signaling pathways (see review (102)). 
Under norma circumstances binding of leptin to the LEPRb induces tyrosine 
phosphorylation of this receptor and this activates multiple signaling pathways, 
such as JAK2-STAT3/STAT5 signaling, PI3K-Akt-FOXO1 pathway, SHP2-MAPK-
ERK1/2 (Fig. 4).  

  
 

 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 - Schematic, simplified overview of leptin signaling 
Leptin binds to the long form of the leptin receptor (LEPRb) and activates JAK2. JAK2 phosphorylates 
LEPRb on tyrosine residues 985,1077 and 1138. SH2 containing protein tyrosine phophatase 2 (SHP2) 
binds to phophorylated tyrosine 985 and activates MAPK pathway. STAT5 and STAT3 bind to 
phosphorylated tyrosine1077 and 1138, respectively, and are phosphorylated by JAK2. STAT3 and 
STAT5 translocates to the nucleus and activate their target genes, which mediate leptin’s anorexigenic 
effect. STAT3 also induces transcription of suppressor of cytokine signaling-3 (Socs3) which can bind 
phosphorylated tyrosine 985 and inhibits leptin signaling (negative feedback).  
JAK2 autophophorylates on tyrosine 813, which binds SH2B1. SH2B1 recruits insulin receptor 
substrate-1 and 2 (IRS-1 and IRS-2) to the LEPRb/JAK2 complex. Phosphorylation of the IRS proteins 
by JAK2 activates the phophoinositide 3-kinase (PI3K) pathway. Therefore, SH2B1 is a positive 
regulator of the LEPRb signaling pathway. In contrast, Socs3, protein tyrosine phosphatase B (PTP1B) 
and endoplasmic reticulum stress are negative regulators of the LEPRb signaling pathway. Modified 
from (102) 
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Leptin signaling can be influenced by positive and negative regulators, such as 
SH2B1, a positive regulator, and PTP1B and Socs3, which are negative regulators. 
It is suggested that an increase in Socs3 contributes to the development of leptin 
resistance. Leptin binding to the receptor leads to STAT3 phosphorylation.  
Phosphorylated STAT3 induces the expression of Socs3, Socs3 in turn reduces 
the phosphorylation of JAK2 and the LEPRb, thereby reducing receptor sensitivity 
for leptin (110, 111, 112). Administration of leptin increases Socs3 mRNA and 
SOCS3 mRNA is elevated in hypothalami of obese animals (110, 113, 114, 115, 
116, 117). In addition, Socs3 haplo-insufficient mice or mice with deletion of 
neuronal Socs3 are resistant to diet induced obesity (115, 118, 119, 120). These 
data suggest that Socs3 is a possible target to prevent leptin resistance and diet 
induced obesity. 
 
Under normal circumstances, leptin decreases food intake. This decrease can be 
achieved by a decrease in the number of meals taken (frequency), which is a 
measure for hunger, or by a decrease in meal size, which is a measure for 
satiation. When humans and rodents are quickly satiated they will take smaller 
meals. However, when people and rodents feel hunger frequently, they will take 
more meals (121, 122). Intracerebroventricular (ICV) administration of leptin 
reduces meal size and has no effect on meal frequency (123, 124, 125). Leptin can 
exert its effects in many brain regions, because leptin receptors are found in 
several brain areas including ARC, PVN, VMH and LH (126, 127). The ARC is 
implicated as one of the important regions mediating the effects of leptin. Re-
expression of LEPRb in the ARC of Koletsky rats decreases food intake and 
restores meal size back to normal (128). It is suggested that meal size is regulated 
via descending pathways from the hypothalamus to hindbrain and may involve 
melanocortin signaling, since leptin increases MC signaling. MC agonists and the 
inverse agonist AgRP can influence the sensitivity for satiety signals, such as CCK, 
in hindbrain neurons, directly by binding to MC4R in the hindbrain, or indirectly by 
binding to oxytocin neurons in the PVN, which send projections to the hindbrain 
(129, 130, 131, 132, 133, 134). This indicates that the leptin induced alterations in 
MC signaling may affect satiation and thereby meal size. However, leptin may also 
mediate the effects on satiation directly in the NTS via LEPRb (77).  
 
Melanocortin signaling 
Melanocortins (MCs) are peptides derived from POMC via splicing by prohormone 
convertases. POMC is processed into adrenocorticotropic hormone (ACTH), α-, β- 
and γ-melanocyte stimulating hormone (MSH) and the opiod peptide β-endorphin. 
The POMC neurons project to many areas in the brain, including the PVN, LH, 
brainstem and amygdala (135, 136, 137, 138). POMC neurons also project directly 
to preganglionic neurons in the spinal cord, suggesting a direct influence on the 
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regulation of energy expenditure via modulation of the sympathetic system (139, 
140). Melanocortins exert their effects via one of the five melanocortin receptors 
(MC1R-MC5R). The MC receptors are G-protein coupled receptors and differ in 
function, expression pattern and binding affinities for their ligands (141) (Table 2 
(modified from(142), data from (143, 144, 145, 146, 147, 148, 149, 150, 151, 152, 
153, 154, 155)). 
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The MC3R and MC4R are implicated in energy balance and are predominantly 
expressed in the brain (156, 157, 158), but the MC4R is expressed more widely in 
the CNS than the MC3R (139, 146, 147, 159). 
The melanocortin system is regulated by two endogenous antagonists, namely 
agouti and AgRP. Agouti is normally not expressed in the CNS, but it regulates 
skin pigmentation by antagonizing MC1 receptor (160, 161). AgRP is expressed in 
the brain, only in a subpopulation of ARC neurons, and functions as an inverse 
agonist on constitutively active MC3R and MC4R (145, 162, 163).   
 
Knockout of POMC or overexpression of AgRP results in obesity due to 
hyperphagia and a decrease in energy expenditure (145, 163, 164, 165). In 
contrast, overexpression of POMC or knockout of AgRP has no effects on energy 
balance in normal situations (1, 166, 167, 168). However, in obese rodents POMC 
overexpression (transiently) decreases food intake and body weight (167, 169). In 
addition, aged AgRP-/- mice show a decrease in body weight and adiposity, due to 
increased metabolism (170). Thus, under normal circumstances inhibition of the 
MC3R and MC4R signaling results in more obvious effects than stimulation of 
these signaling pathways. 
AgRP and POMC derived MCs mediate their effects by binding to the MC3R and 
MC4R. Deletion of MC3R only modestly affects feeding behavior, but these 
animals are more efficient in storing energy, i.e. they need fewer calories to gain a 
gram of body weight, therefore these animals are only fatter, but not heavier than 
controls (157, 158). However, MC4R-/- mice show hyperphagia and a decrease in 
energy expenditure (156, 171, 172). In addition, MC4R-/- mice are not sensitive for 
intake suppressive effects of MTII and this underscores the role of MC4R in food 
intake (172, 173). Nevertheless, other receptors also are implicated in regulation of 
food intake since administration of AgRP to MC4R-/- still induces a small increase in 
food intake (174, 175). In addition, the MC4R-/- mice are obese before the onset of 
hyperphagia, suggesting that a decrease in energy expenditure contributes to the 
MC4R-/- phenotype(171). The food intake and energy expenditure effects of the 
MC4R may be located in different brain areas; since re-expression of MC4R in the 
PVN and amygdala corrected the hyperphagia, but only partially reduced obesity 
(176).    
The effects of MC3R and MC4R on energy balance are additive since mice which 
lack both the MC3R and the MC4R are more obese than mice lacking the MC4R 
only (157).  
 
ICV administration of non-selective MC agonists, α-MSH, β-MSH and ACTH(1-24), 
or inverse agonist AgRP and antagonist, SHU9119 all have an significant effect on 
food intake, while the MC3R specific agonist, γ-MSH, only has a modest effect on 
food intake (2, 146, 177, 178, 179, 180, 181, 182). This supports the idea that 
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predominantly the MC4R is involved in feeding response and not the MC3R. In 
addition, MC agonist and inverse agonist have effects on energy expenditure (145, 
172, 183, 184, 185, 186). However, MC agonist and inverse agonist differ in their 
effects over time. Chronic application of MC agonists only decreases food intake 
for the first days, while chronic application of AgRP increases food intake during 
the entire experiment (183, 187, 188, 189). 
 
Knockout studies and ICV administration studies have shown that the MC system 
contributes to food intake and energy expenditure. Local interference of MC 
receptor signaling is required to unravel which neural substrates are underlying the 
different behaviors, such as food intake and energy balance. Until now only a few 
studies have infused MC receptor ligands in local brain areas to investigate the role 
of these areas in energy balance. Multiple studies have focused on the PVN and 
investigated the acute effects. Local injections with MC ligands stimulating or 
inhibiting MC receptors in the PVN, indicate that MC receptors in the PVN are 
involved in meal duration rather than initiation ((182, 190, 191, 192) and reviewed 
in (78)). In addition, injections of MTII in the PVN increase body temperature and 
spontaneous locomotor activity (193). This suggests that MC signaling in the PVN 
contributes to food intake and energy expenditure. In addition, the DMH and MPO 
are also indicated as primary sites in the hypothalamus to mediate effects on 
energy balance (194). However, it is poorly understood via which neuronal 
substrates, that express MC receptors, the different effects of MC are mediated. 
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4. Aims and outline of the thesis 
The neural circuits involved in energy homeostasis are complex and involves 
multiple brain regions and neuropeptides. The many functions of the different 
neuropeptide systems in the hypothalamus have been described; however, the 
specific roles of the different neuropeptides in specific hypothalamic areas are not 
fully understood. The overall aim of this thesis was to modify the leptin and MC 
system with viral vectors in order to further determine the role of leptin and MC 
signaling in food intake and energy expenditure.   
In order to achieve this goal, the first experiments assessed the ability of AAV and 
LV vectors to transduce the hypothalamus and subsequently optimize the 
transduction of the hypothalamus by AAV vectors. These experiments are 
described in chapter 2 and 3.  
The most optimal method to transduce a nucleus in the hypothalamus was used to 
investigate the role of long term suppression of MC receptor activity in different 
brain areas, namely PVN, VMH, LH and Acc. Long term suppression of the MC 
receptors was achieved by AAV-mediated overexpression of AgRP in the different 
brain areas. This approach was taken, because continuous long term infusion in a 
specific brain nucleus is not feasible. The results of this study are described in 
chapter 4. 
One disadvantage of neuropeptide overexpression with AAV vectors is that AAV 
vectors may transduce projection neurons and this causes the product of the 
expressed transgene to be released at distant projection sites and not in the 
targeted area. The interpretation of the data may be complicated when a transgene 
product is released at distant sites and not at the site of injection; therefore a novel 
method was developed and tested, to establish local release of a neuropeptide at 
the cell body instead of release at axon terminals. These results are described in 
chapter 5. 
Leptin influences MC and NPY signaling. In addition, leptin upregulates Socs3 
mRNA and this increase may contribute to leptin resistance which is observed in 
diet-induced obesity. In chapter 6 an AAV vector with a shRNA against Socs3 was 
injected in the mediobasal hypothalamus to determine if Socs3 knockdown in the 
mediobasal hypothalamus prevented the development of diet-induced obesity in 
these rats. 
Finally, in chapter 7 the main findings of these studies are summarized and 
discussed. 
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AN ADENO-ASSOCIATED VIRAL VECTOR 
TRANSDUCES THE RAT HYPOTHALAMUS AND 

AMYGDALA MORE EFFICIENT THAN A LENTIVIRAL 
VECTOR 

 
Abstract 
We compared the transduction efficiencies of an adeno-associated viral (AAV) 
vector, encoding the green fluorescent protein (GFP), with a lentiviral (LV) vector, 
encoding the discosoma red fluorescent protein (dsRed). The LV and AAV vector 
were mixed and injected into the lateral hypothalamus or into the amygdala of adult 
rats. Immunostaining for GFP and dsRed showed that AAV-GFP transduced 
significantly more cells than LV-dsRed in both areas. LV-dsRed transduced few 
cells in the lateral hypothalamus and amygdala. AAV-GFP was more efficient in 
transduction of the lateral hypothalamus and amygdala. In addition, the number of 
LV particles that were injected can not easily be increased, while the number of 
AAV particles can be increased easily with a factor 100 to 1000.  
In this study we showed that AAV vectors are better tools to overexpress or 
knockdown genes in the lateral hypothalamus and amygdala of adult rats, since 
more cells can be transduced with AAV than with LV vectors and the titer of AAV 
can easily be increased. 
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Introduction 
Viral vectors are used as tools to introduce genes or shRNAs into the brain in order 
to unravel the role of genes. The advantages of viral vectors are that they can be 
injected locally and establish long term expression of the gene or the shRNA. 
Several viral vectors have been tested in vivo in the central nervous system: 
adeno-associated viral (AAV), lentiviral (LV), adenoviral (AdV) and herpes simplex 
viral (HSV) vectors (195, 196, 197, 198). To date, studies in the rodent 
hypothalamus and amygdala have mainly used AAV or AdV and to a lesser extent 
LV vectors (199, 200, 201, 202, 203, 204). It is important to know which viral 
vector, AAV or LV, is most efficient in transducing brain areas involved in energy 
homeostasis, because then it is possible to efficiently alter gene expression in 
specific brain nuclei to further investigate the function of genes involved in feeding 
behavior. The lateral hypothalamus (LH) and amygdala (AM) are important brain 
areas involved in energy homeostasis (205).  
In this study we compared the transduction efficiencies of a LV and an AAV vector 
in the LH and AM of the rat brain. The LV and AAV vector both used the CMV 
promoter to drive the expression of a fluorescent marker, dsRed or GFP 
respectively.  
 
Materials and methods 
Cell lines and constructs 
Human embryonic kidney (HEK) 293T cells were maintained at 37oC with 5% CO2 
in Dulbecco’s modified Eagles medium (DMEM) supplemented with 10% fetal calf 
serum (FCS), 2mM glutamine, 100 units/ml penicillin, 100 units/ml streptomycin 
and non-essential amino acids.  
pAAV-CMV-GFP was constructed by removing the CMV promoter with a part of 
the GFP gene from pTRCGW (206) through digestion with KpnI and BsrGI. 
Subsequently this fragment was ligated into a KpnI-BsrGI digested backbone of 
pAAV-CBA-GFP (kind gift from M. Sena-esteves (207). This digestion removed the 
CBA promoter and a part of the GFP gene.  
The construction of LV-CMV-dsRED was previously described (208). 
To check the specificity and intensity of staining of the GFP and dsRed antibodies, 
2.5 µg of pPRIME-CMV-GFP and pPRIME-CMV-dsRed (209) was transfected, 
alone or together, on 10cm dishes with polyethylenimine (PEI). The morning after 
transfection the cells were trypsinized and seeded in 24 wells plates containing 
poly-L-lysine coated glass cover slips. Seventy-two hours after transfection cells 
were washed with phosphate buffered saline (PBS), fixated for 20 minutes with 4% 
paraformaldehyde (PFA) and stored in PBS at 4°C until immunohistochemistry was 
performed. 
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Virus production and purification 
AAV production was performed with 15x15 cm dishes containing 293T cells at 80-
90% confluency on the day of transfection. Two hours before transfection, the 10% 
FCS-DMEM was replaced with 2% FCS-DMEM. The transfections were performed 
with polyethylenimine (PEI) as described by Reed S.E. et al. (210). pAAV-CMV-
GFP was co-transfected with the helper plasmid pDP1 (211) (Plasmid factory, 
Bielefeld, Germany)  in a molar ratio of 1:1. The transfection mix remained on the 
cells until the next day, then the 2% FCS-DMEM was refreshed. The AAV 
production and purification was essentially  performed as described by Zolotukhin 
et al. (212). Briefly, sixty hours after transfection, the cells were harvested in their 
medium, centrifuged and washed with PBS containing 5mM 
ethylenediaminetetraacetic acid (EDTA).  Finally, the cells were collected in 12 ml 
ice cold buffer (150 mM sodium chloride (NaCl), 50 mM 2-amino-(hydroxymethyl)-
1,3-propanediol (Tris), pH 8.4 ) and stored at -20oC until further use. Usually after 
three days the cells were freeze-thawed twice, incubated for 30 minutes with 
Benzonase (end concentration 50 units/m, Sigma, The Netherlands) at 37oC and 
centrifuged. After centrifugation, the supernatant was loaded onto an iodixanol 
gradient (60%, 40%, 25%, 15%, supernatant (Optiprep, Lucron bioproducts, 
Belgium)) in Quickseal tubes (Beckman Coulter, The Netherlands). After 1 hour of 
ultracentrifugation (70.000 rpm at 20oC) in Ti70 rotor (Beckman Coulter, The 
Netherlands), the 40% layer was extracted. This 40% layer was used for ion-
exchange chromatography with 5ml Hitrap Q HP columns (GE Healthcare, The 
Netherlands). Subsequently PCR was used to determine AAV positive fractions, 
these were pooled and desalted/concentrated on Centricon Plus-20 Biomax-100 
concentrator columns (Millipore, The Netherlands). The titer, in genomic copies per 
ml (g.c./ ml), was determined by qPCR with sybergreen mix in a LightCylcer 
(Roche) (213). The qPCR primers were designed to detect BGHpolyA and were 
BGHpolyA_F: 5’ CCTCGACTGTGCCTTCTAG; BGHpolyA_R: 5’ 
CCCCAGAATAGAATGACACCTA. The titer obtained for AAV-CMV-GFP was 
6.6x1013 genomic copies (g.c.)/ml. In addition we also performed a serial dilution 
with AAV-CMV-GFP virus on HT1080 cells, to obtain an indication of the 
transducing units in this AAV preparation. Seventy-two hours after infection GFP 
positive cells were counted and a titer was calculated. This serial dilution showed 
that a titer of 5x108 transducing units (t.u.)/ml of AAV-CMV-GFP was achieved. 
Lentivirus with a CMV promoter driving dsRED expression (LV-CMV-dsRED) was 
produced as described previously (208). In short, 293T cells were transfected 
using the ViraPower Lentiviral Expression System (Invitrogen, Breda, The 
Netherlands) according to manufacturer’s instructions. Forty-eight hours after 
transfection virus containing supernatant was harvested, centrifuged at 2.000 rpm 
for 3 minutes to remove cell debris and concentrated by two rounds of 
ultracentrifugation (19.400 rpm, 4 °C, 2hours each), resuspended in PBS, 
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aliquoted and stored at -80 °C until use. Virion titers were measured by real-time 
PCR and biological titers calculated from those and verified by dsRED expression 
(214). The titer of LV-CMV-dsRED was 3.9x108 t.u/ml. 
 
Animals 
Male Wistar rats of 220–250 g, were purchased from Charles River (Crl-Wu, 
Germany). All rats were individually housed in filtertop cages with ad libitum access 
to food (CRM pellets; Special Diet Services, Whitham, Essex, UK) and water. 
Animals were kept in a temperature- and humidity-controlled room (21 ± 2°C) with a 
12 h light/dark cycle (lights on at 7:00 A.M.). All experimental procedures were 
approved by the Committee for Animal Experimentation of the University of Utrecht 

(Utrecht, The Netherlands).  
Just before stereotactic injections AAV-CMV-GFP was diluted in PBS to 2x108 
g.c/µl or 2x109 g.c./µl and LV-CMV-dsRed was diluted to 2x108 tu/µl. The diluted 
AAV and LV vectors were mixed 1:1 and 1µl of this mixture was injected in the LH 
or in the AM of rats. The injections were performed with a micro-infusion pump. 
The injection speed was 0.2 µl/ minute. After the injection the needle remained in 
the injection site for 10 minutes. 
Twelve rats were anesthetized with 0.1 ml/100 g Hypnorm intramuscular (Janssen 
Pharmaceutica, Beerse, Belgium) and 0.05 ml/100 g Dormicum intraperitonal 
(Hoffman-LaRoche, Woerden, the Netherlands). Rimadyl (Pfizer animal health, 
Capelle a/d Ijssel, the Netherlands) was administrated as pain medication before 
surgery and on day 1 and 2 after surgery. Four rats were injected bilaterally in the 
LH (coordinates AP-2.56, ML+2.00, DV-8.60) with 1 µl of AAV-LV mixture 
containing 1x108 gc of AAV-CMV-GFP and 1x108 tu of LV-CMV-dsRed. Another 
four rats also received 1 µl AAV-LV mixture in the LH. Here LV-CMV-dsRed 
remained 1x108 tu, however, the titer of AAV-CMV-GFP was raised 10 times to 
1x109 gc. In addition, four rats received injections in the central AM (coordinates 
AP-2.10, ML+4.00, DV -8.00) with a mixture of 1x108 gc of AAV-CMV-GFP and 
1x108 tu of LV-CMV-dsRed. Four weeks after the injections the rats were 
anesthetized and perfused with 4% PFA containing 0.05% glutaraldehyde. 
Subsequently, the brains were isolated and placed in 4%PFA overnight at 4oC. The 
next morning the brains were placed in PBS and stored at 4oC until further use. 
The perfused brains were sectioned on a vibratom (Leica) at 40 µm in series of 10. 
Thus every tenth section was used for immunohistochemistry. 
 
Immunohistochemistry 
Every tenth 40 µm section was used for GFP-dsRed co-immunostaining. The free 
floating sections were washed 3 times with PBS, permeabilized for 30 minutes in 
PBS supplemented with 0.5% triton X-100 at room temperature (RT), blocked for 1 
hour in PBS with 1.5% normal goat serum (NGS) at RT and incubated overnight in 
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PBS supplemented with mouse monoclonal anti-dsRed (1:400, Clontech), rabbit 
polyclonal anti-GFP (1:1000, Invitrogen) and 1.5% NGS at 4oC. The next morning 
sections were washed 3 times for 10 minutes with PBS and incubated for 1 hour 
with secondary antibodies (ALEXA 555 conjugated goat anti mouse (1:500) and 
ALEXA 488 conjugated goat anti rabbit (1:1000) both Invitrogen) in 1.5% NGS at 
RT. After 3 times 10 minutes wash with PBS, the sections were transferred to 
microscope slides and kept over night in the dark to dry. All sections were 
embedded in 90% glycerol and stored flat at 4oC.  
 
Imaging and data analysis 
The number of positive cells for GFP and dsRed were counted in every section, 
except the positive cells in the injection tract which are probably macrophages. 
The MCID system was used to digitize pictures from sections containing 
endogenous or immunohistochemistry signals.  
GraphPad Prism was used for data analysis and treatment effects were evaluated 
with two-tailed t-test. 
 
Results 
In vitro testing of antibodies 
To confirm that the GFP and dsRed antibodies were able to detect the respective 
proteins with similar efficiencies, 293T cells were transfected with constructs 
encoding CMV-GFP and CMV-dsRed individually and together (Fig. 1 A, B). Since 
the promoter driving the expression of the fluorescent proteins was the same, we 
expected similar levels of fluorescent protein expression. The endogenous 
fluorescence of GFP and dsRed was compared with the immunostained 
fluorescence. The cells transfected with only one construct showed co-localization 
of endogenous fluorescence and immunostained fluorescence (Fig. 1C). In 
addition, cells co-transfected with CMV-GFP and CMV-dsRed showed co-
localization of both immunohistochemistry signals (Fig. 1D). The pictures showed 
that red fluorescent signals, endogenous or immunostained, were at least threefold 
stronger in intensity than green fluorescent signals. 
 
AAV-GFP and LV-dsRed transduction in vitro 
AAV-GFP was pseudotyped with an AAV1 coat, which was previously shown to be 
more effective in transduction of hypothalamic areas, such as the LH, than AAV2 
coated vectors (215). It is still unknown which entry receptors AAV1 uses to enter 
cells and it is therefore unknown which cell line is optimal for determining 
transducing units. Nevertheless we performed a serial dilution with AAV-GFP on 
HT1080 cells to obtain an indication of transducing units. These results showed 
that the titer of AAV-GFP was 5x108 t.u./ml, which is substantially lower than the 
6.6x1013 g.c./ml. The LV-dsRed had a titer of 3.9x108 t.u./ml.  
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Figure 1 - In vitro testing of the antibodies against GFP and dsred 
A a schematic overview of AAV vector used. B a schematic overview of LV vector used. C shows 
endogenous dsRed fluorescence (red) of 293T cells transfected with CMV-dsRed. C’ panel shows 
immunostaining for dsRed (green) of these cells. C’’ shows co-localization of the immunostained and 
endogenous fluorescence (yellow). D shows endogenous GFP fluorescence (green) of 293T cells 
transfected with CMV-GFP. D’ immunostaining for GFP (red) and D’’ shows the overlay of D and D’ 
(green nucleus with red cytoplasma). E 293T cells co-transfected with CMV-GFP and CMV-dsred were 
immunostained for GFP (red (E)) and dsRed (green (E’)). These stainings overlap (yellow (E’’)). The 
scalebar is 50µm. 
 
Before mixing the two viruses, the preparations were diluted. AAV was diluted to 
2x108 and 2x109 g.c./µl, thus 1.5x103 and 1.5x104 t.u./µl on HT1080 respectively. 
LV-dsRed was diluted to 2x105 t.u./µl. Subsequently the diluted viruses were mixed 
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1:1 and 1 µl of this mix was injected in each brain area. This resulted in 1x108 or 
1x109 g.c. (7.5x102 or 7.5x 103 t.u.) of AAV-GFP and 1x105 t.u. of LV-dsRed per 
site. 
 
Transduction of the LH by AAV-GFP and LV-dsRed 
To determine the transduction efficiencies of AAV and LV in the LH, animals were 
perfused four weeks after injection with viral vectors. Immunostaining for GFP and 
dsRed showed positive staining in the injection tract. These were probably 
apoptotic cells and were not included in our quantification (Fig. 2, upper panel). 
Counting of GFP and dsRed immunostained positive cells revealed that AAV-GFP, 
at 1x108 g.c., transduced significantly more cells in the LH compared with LV-GFP, 
at 1x105 t.u. (Fig. 3).  
  
          1x108         1x109 

              
 

          
 
Figure 2 - In vivo transduction of the LH and AM by AAV-CMV-GFP and LV-CMV-dsRed 
The titer of LV-CMV-dsRed was kept constant at 1x105 t.u., while the titer of AAV-CMV-GFP was 1x108 
or 1x109 g.c.. Immunostaining for GFP is shown in green and for dsRed in red. Scalebar is 50 µm. 
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As expected, an increase in titer of AAV-GFP, from 1x108 to 1x109 g.c., resulted in 
14.2 fold increase in the area transduced at the injection site. The area increased 
from 3338 (±599) µm2 to 47525 (±10822) µm2 (p=0.0005). 
 
Transduction of the AM by AAV-GFP and LV-dsRed 
In addition, we studied the transduction efficiencies of AAV-GFP and LV-dsRed in 
the AM. Similar to the LH, AAV-GFP transduced significantly more cells than LV-
dsRed in the AM (Fig. 2 lower panel and Fig. 3). The number of cells transduced 
by AAV or LV in the AM was comparable to the number of cells in the LH.    

 
Figure 3 - Quantification of the number of cells transduced 
Number of cells transduced by 1x108 g.c. of AAV-CMV-GFP and 1x105 t.u. of LV-CMV-dsRed. *** 
p<0.0001 
 
Discussion 
This study showed that an AAV vector transduced significantly more cells in the LH 
and AM of adult rats than a LV vector. This is in agreement with previous studies in 
the rat that reported low levels of transgene expression after injection of 1 µl of LV 
vectors in other rat brain nuclei, namely the red nucleus (66) and the retina (216). 
However, several studies reported substantial levels of transduction by LV in the 
rat striatum and hippocampus. However, these groups injected larger volumes of 
LV, namely 2 or 3 µl (30, 31, 217). In contrast, LV vectors have been reported to 
efficiently transduce cells in the mouse hippocampus and striatum (29, 218). In 
addition, AAV and LV vectors were reported to transduce approximately the same 
numbers of cells after injection in the hippocampus or hippocampal slices (219, 
220). This indicates that there may be species differences and/or brain area 
differences which account for the differences in transduction efficiencies by LV and 
AAV vectors in rat and mouse brain. 
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The titer of our AAV-GFP preparation was 6.6x1013 g.c./ml, this is a titer in the 
range that we usually obtain with AAV production. The number of transducing 
units/ml will be lower than genomic copies/ml since not all vector DNA is properly 
packaged into infectious particles. The optimal cell line for determining the t.u./ml 
of AAV1 preparations is unknown. In order to have some indication of the t.u. we 
assessed the t.u./ml of AAV-GFP on HT1080 cell line. The titer of AAV-GFP was 
5x108 t.u./ml, and this preparation was diluted 330 times, to 1.3x103 t.u./µl before 
mixing with LV-dsRed. The LV-dsRed was only diluted 2 times until 2x105 t.u./µl. 
Since the number of t.u. of AAV-GFP injected was much lower than the t.u. of LV-
dsRED, we concluded that AAV is more efficient in transduction of the LH and AM 
than LV. 
 
We only observed 6-7 cells positive for dsRed after injection of 1x105 t.u. of LV. 
Thus, ideally the titer of LV-dsRed should be increased to transduce more cells in 
the LH and AM. The methods we used for LV preparation and titer determination 
are standard procedures in the field. Normally, titers of concentrated LV vectors 
are reported to be in the range of 5x107 to 1x109 t.u./ml (30, 218, 221). Thus 
compared with results from others, 3.9x108 t.u./ml is in the normal titer range. 
Therefore, it is technically difficult to increase the LV titer to transduce more 
neurons in the AM and LH of rats. 
 
The differences in transduction by AAV-GFP and LV-dsRed in the LH and AM may 
be explained by the fact that the vectors probably used different receptors to enter 
cells. The LV-dsRed used in this study was pseudotyped with the G protein of the 
vesicular stomatitis virus (VSV-G). VSV-G transduces many cell types from 
different species, but it is still unknown how VSV-G enters these cells. For a long 
time it was thought that phosphatidylserine (PS) was the receptor to mediate 
membrane fusion (25). However, more recent data indicated that PS is not the 
entry receptor (26). AAV-GFP was pseudotyped with AAV1 capsid proteins. The 
entry receptor for AAV1 also is unknown, but there are indications that α-2,3 and α-
2,6 N-linked sialic acids facilitate transduction by AAV1 vectors (222). 
 
We have chosen the 4 week time point to compare transduction by AAV and LV 
vectors, since on this time point LV and AAV transduce predominantly neurons. 
AAV1 was previously reported to transduce predominantly neurons in different rat 
brain regions at all investigated time points after injection (62, 64). However, the 
transduction pattern of LV with a CMV promoter seems to shift from glial and 
neuronal cells at 1 week post injection to predominantly neuronal cells at 3 weeks 
post injection. This shift in transduction pattern with CMV promoter was reported to 
be accompanied by a small decrease in transgene expression, probably because 
the glia cells returned to resting state in which CMV driven expression is low (30).  
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In conclusion, when a substantial part or the entire LH or amygdala of rats needs to 
be transduced AAV vectors are preferred over LV vectors, since more cells can be 
transduced with AAV than with LV vectors and the titer of AAV can easily be 
increased.  
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OPTIMIZATION OF ADENO-ASSOCIATED VIRAL 
VECTOR MEDIATED GENE DELIVERY TO THE 

HYPOTHALAMUS 
 

Abstract 
In order to efficiently deliver genes and shRNA’s to the hypothalamus we aimed to 
optimize the transduction efficiency of adeno-associated virus (AAV) in the rat 
hypothalamus. We compared the transduction efficiencies of AAV2 vectors 
pseudotyped with AAV1, 8 and mosaic 1/2 and 2/8 coats with an AAV2 coated 
vector after injection in the lateral hypothalamus of adult rats. In addition, we 
determined the transduction areas and the percentage of neurons infected after 
injection of different titers and volumes of two AAV1 pseudotyped vectors in the 
paraventricular hypothalamus (PVN). Successful gene delivery to the 
hypothalamus was achieved by using AAV1 pseudotyped AAV vectors. The 
optimal approach to transduce an area, with the size of the PVN, was to inject 
1x109 genomic copies of an AAV1 pseudotyped vector in a volume of 1µl. At a 
radius of 0.05 mm from the injection site almost all neurons were transduced. In 
addition, overexpression of AgRP with the optimal approach resulted in an 
increase in food intake and bodyweight when compared to AAV-GFP. 
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Introduction 
Dysregulation of energy balance involves genetic, environmental and cognitive 
factors and may result in obesity or eating disorders (122). These disorders are 
associated with substantial morbidity, mortality and socioeconomic burden. 
Although genes expressed in the hypothalamus have repeatedly been shown to 
contribute to obesity  (223, 224, 225, 226), gene therapy thus far has hardly been 
considered as therapeutic strategy (227). Animal studies with spontaneous gene 
mutations, which resulted in obesity and/ or diabetes, have greatly contributed to 
our knowledge which role certain genes play in energy balance (226). The 
importance of genes for regulation of energy balance was confirmed by knockout 
mice, although these mice may display the capacity to compensate for the lack of 
that gene during development rather than demonstrating the function of a certain 
gene in adult stage. One of the neuropeptides involved in feeding is Agouti-related 
protein (AgRP) (163). AgRP is a peptide that is produced in the arcuate nucleus of 
the hypothalamus and is secreted in many brain regions, including multiple 
hypothalamic nuclei such as paraventricular nucleus (PVN) and the lateral 
hypothalamic nucleus (LH) (137, 228). In the projection areas, AgRP can bind the 
melanocortin receptors and reduce their activity.  Reduction of melanocortin 
signaling is suggested to induce hyperphagia and lower energy expenditure, 
resulting in obesity in rodents and humans (reviewed in (225, 229)). 
In view of the development of gene therapy to modify gene expression in the 
hypothalamus, it is important to determine the local effect of genes in the 
hypothalamus. We have chosen to use AAV vectors for local overexpression and 
knockdown of genes in the brain, because AAV vectors can transduce non-dividing 
neurons and the gene cassettes are expressed for long periods of time, up to 25 
months in rats (230). AAV vectors have been reported to transduce specific cell 
types in vitro and in vivo by using cell type-specific promoters and/or by packaging 
the AAV DNA in different serotype capsids or in capsids that have been genetically 
or chemically altered (231, 232, 233, 234, 235). AAV2 serotype AAV vectors were 
the first to be used for gene transfer (236). Since the 1980s many other serotypes 
have been identified and investigated for their cell tropism (231, 235). Until now, 
the most widely used AAV serotype to modify gene expression in the 
hypothalamus has been AAV2  (201, 237, 238). However, recent studies have 
shown that serotypes other than AAV2 were more efficient in transducing rat 
primary cortical and hippocampal cultures (232, 239). In addition, AAV1 and AAV8 
coated vectors have been shown to transduce more neurons in vivo, for example in 
the rat striatum (62, 64), hippocampus (62, 63, 240) and midbrain (62, 65). 
Therefore, in this study, we aimed to characterize how different capsids affect 
AAV-mediated transduction of selected areas in the hypothalamus. We packaged 
an AAV-CBA-GFP-WPRE vector, containing AAV2 ITRs, with single AAV1 and 
AAV8 capsids or with mosaic capsids AAV1/2 and 2/8. This was done to compare 
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the transduction efficiencies of AAV1 and AAV8, which most often show higher 
transduction efficiencies than AAV2, with the “golden standard” AAV2 after 
injection in the lateral hypothalamus. The mosaic vectors were tested, because 
some studies have shown that combination of two serotype capsids may confer 
(synergistic) effects of both parental strains (241, 242). In addition, we investigated 
the area of transduction after administration of different titers (1x108, 1x109 and 
1x1010 genomic copies (g.c.)) and different volumes (1 µl versus 0.3 µl) of AAV1 
coated vectors aimed at the paraventricular nucleus (PVN) of the hypothalamus. 
From these results we obtained an indication for the optimal titer and volume to 
transduce a nucleus of a certain size in the hypothalamus. Our major findings were 
that AAV1 was more efficient than the AAV2, 8, 1/2 and 2/8 pseudotyped AAV 
vectors in neuronal transduction of the LH. In addition, a titer of 1x109 g.c., in a 
volume of 1 µl, transduced an area of 0.5mm2 successfully. At a distance of 0.05 
mm from the injection site almost all neurons were transduced when AAV1 
pseudotyped AAV vectors were used. As a proof of principle of gene delivery to 
induce a phenotype we injected AAV1-AgRP in the PVN.  
 
Materials and methods 
Cell lines and plasmids 
Human embryonic kidney (HEK) 293T cells were maintained at 37oC with 5% CO2 
in Dulbecco’s modified Eagles medium (DMEM) supplemented with 10% fetal calf 
serum (FCS) and penicillin-streptomycin.  
The helper plasmids used to produce AAV vectors were pDP1, pDP2 and pAR-8 in 
combination with pXX6. The pDP1 and pDP2 helper plasmids have been described 
(211) and were obtained from Plasmid factory (Germany). The packaging plasmid 
pAR-8 and the transgene vector pAAV-CBA-GFP-WPRE, with AAV2 inverted 
terminal resolutions sites, were both previously described (207) and were a kind 
gift from M. Sena-Esteves (University of Massachusetts, Worcester, MA, USA). 
pAR-8 lacks the adeno-helper genes, therefore pXX6 is necessary as an additional 
helper plasmid . PXX6 has been described (243). We constructed pAAV-CBA-
AgRP-ires-gfp by removing the green fluorescent protein (GFP) from pAAV-CBA-
GFP-WPRE with the restriction enzymes AgeI and BsrGI. Subsequently, agouti-
related protein (AgRP)-ires-GFP, was isolated from pIRES2-AgRP with AfeI and 
BsrGI, and was ligated in the pAAV-CBA-GFP-WPRE, from which the GFP was 
removed. This ligation generated pAAV-CBA-AgRP-ires-GFP.  
 
AAV production 
To produce AAV-GFP with single capsids of AAV1, AAV2 and AAV8, we co-
transfected pAAV-CBA-GFP-WPRE with the individual helper plasmids pDp1, 
pDp2 or pAR-8+pXX6, in a molar ratio of 1:1 (AAV vector plasmid: helper plasmid). 
Mosaic coated AAV-GFP with AAV1/2 and AAV2/8 capsids were produced by 
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mixing the packaging vectors (pDp1 or pAR-8 with pDp2) in a molar ratio of 1:1. 
Subsequently, pAAV-CBA-GFP-WPRE was co-transfected, in a 1:1 molar ratio, 
with either the pDP1+pDP2 or the pAR-8+pDP2 mix. pAAV-CBA-AgRP-ires-GFP 
was only co-transfected with pDP1. Each AAV production was performed with 15 
dishes 293T cells at 80-90% confluency on the day of transfection. Two hours 
before transfection, the 10% FCS-DMEM was replaced with 2% FCS-DMEM. The 
transfections were performed with polyethylenimine (PEI) as described by Reed 
S.E. et al. (210). The transfection mix remained on the cells until the next day, then 
the 2% FCS-DMEM was refreshed. The purification was performed as described 
by Zolotukhin et al. (212). Briefly, sixty hours after transfection, the cells were 
harvested in their medium, centrifuged and washed with phosphate buffered saline 
(PBS) containing 5mM ethylenediaminetetraacetic acid (EDTA).  Finally, the cells 
were collected in 12 ml ice cold buffer (150 mM sodium chloride (NaCl), 50 mM 2-
amino-(hydroxymethyl)-1,3-propanediol (Tris), pH 8.4 ) and stored at -20oC until 
further use. Usually after three days the cells were freeze-thawed twice, incubated 
for 30 minutes with 50units/ml Benzonase (Sigma, The Netherlands) at 37oC and 
centrifuged. After centrifugation, the supernatant was loaded onto an iodixanol 
gradient (60%, 40%, 25%, 15%, supernatant (Optiprep, Lucron bioproducts, 
Belgium)) in quickseal tubes (Beckman Coulter, The Netherlands). After 1 hour of 
ultracentrifugation (70.000 rpm at 20oC) in Ti70 rotor (Beckman Coulter, The 
Netherlands), the 40% layer was extracted. This 40% layer was used for ion-
exchange chromatography with 5ml Hitrap Q HP columns (GE Healthcare, The 
Netherlands). The AAV positive fractions, determined by PCR, were pooled and 
concentrated on Centricon Plus-20 Biomax-100 concentrator columns (Millipore, 
The Netherlands). The titer, in genomic copies per ml (g.c./ ml), was determined by 
qPCR with sybergreen mix in a LightCylcer (Roche) (213). The qPCR primers were 
designed to detect BGHpolyA and were BGHpolyA_F: 5’ 
CCTCGACTGTGCCTTCTAG; BGHpolyA_R: 5’ CCCCAGAATAGAATGACACCTA. 
 
Animals  
Male Wistar rats, weight ranging from 220–250 g, were purchased from Charles 
River (Crl-Wu, Germany). All rats were individually housed in filtertop cages with ad 
libitum access to food (CRM pellets; Special Diet Services, Whitham, Essex, UK) 
and water. Animals were kept in a temperature- and humidity-controlled room (21 ± 
2°C) with a 12 h light/dark cycle (lights on at 7:00 A.M.). All experimental 
procedures were approved by the Committee for Animal Experimentation of the 
University of Utrecht (Utrecht, The Netherlands). 
 
Surgical procedures  
In study 1 the transduction efficiency of different capsids surrounding AAV-CBA-
GFP-WPRE after injection in the lateral hypothalamus was studied. 20 rats were 
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anesthetized with 0.1 ml/100 g Hypnorm intramuscular(Janssen Pharmaceutica, 

Beerse, Belgium) and 0.05 ml/100 g Dormicum intraperitonal (Hoffman-LaRoche, 
Mijdrecht, The Netherlands). Rimadyl (Pfizer animal health, Capelle a/d Ijssel, the 
Netherlands) was administrated as pain medication before surgery and on day 1 
and 2 after surgery. After this, the rats were injected bilaterally in the lateral 
hypothalamus (LH, coordinates AP-1.8, ML+1.7, DV-8.6) with 1.5 µl of AAV-CBA-
GFP-WPRE coated with respectively AAV2, AAV1, AAV8, AAV1/2 and AAV2/8. 
The injected volume contained 1 x 108 g.c. of AAV vector and was delivered at a 
rate of 0.2 µl/ minute. After the injection the needle remained in the injection site for 
10 minutes. Four weeks after injection the rats were anesthetized and perfused 
with 4% paraformaldehyde (PFA) containing 0.05% glutaaraldehyd. After perfusion 
the brains were isolated and were placed in 4%PFA overnight at 4oC. The next 
morning the brains were placed in PBS and stored at 4oC until further use. The 
perfused brains were sectioned on a vibratom at 40µm in series of 10. The 1st and 
6th series of sections were combined and used for double immunohistochemistry 
against GFP and the neuronal marker NeuN.  

In study 2 the effect of different titers of AAV1 coated AAV vectors on transduction 
efficiency was explored. Twenty-four rats received bilaterally 1 µl of AAV-CBA-
GFP-WPRE or AAV-CBA-AgRP-ires-GFP coated with AAV1 aimed at the 
paraventricular nucleus (PVN, coordinates AP -1.8, ML +1.7, DV -8.1, angle 10 
degrees). The injections contained respectively 1x1010 (2 rats), 1x109 (2-3 rats) or 
1x108 g.c. (3-4 rats) of the AAV vectors. Each rat was injected at both sides of the 
brain and these sides were analyzed separately. After 4 weeks the rats were 
decapitated and the brains were removed, quickly frozen on dry-ice and stored in -
80oC until they were sectioned on a cryostat (Leica, The Netherlands) at 20 µm. 
The sections were used for in situ hybridization with GFP-dig labeled mRNA probe 
to show the transduction area of the AAV vectors. 

In study 3 the effect of an injection volume smaller than 1 µl, of AAV1 coated 
vectors, was investigated. Twenty rats received injections with 0.3 µl of AAV-CBA-
GFP-WPRE or AAV-CBA-AgRP-ires-GFP-WPRE, coated with AAV1, containing 
1x109 (3 rats), 5x108(4 rats) and 1x108 (3 rats) g.c. aimed at the PVN (coordinates 
AP -1.80, ML +1.70, DV -8.10, angle 10 degrees). After 31 days animals were 
decapitated and processed as described in study 2. 

Immunohistochemistry 
40 µm sections of study 1 were used for GFP-NeuN staining (series 1 and 6 were 
pooled). The free floating sections were washed 3 times with PBS, permeabilized 
for 30 minutes in PBS supplemented with 0.5% triton X-100 at room temperature 
(RT), blocked for 1 hour in PBS with 1.5% normal goat serum (NGS) at RT and 
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incubated overnight in PBS supplemented with mouse monoclonal anti-NeuN 
(1:2000, Chemicon), rabbit polyclonal anti-GFP (1:1500, Invitrogen) and 1.5% NGS 
at 4oC. The next morning sections were washed 3 times for 10 minutes with PBS 
and incubated for 1 hour with secondary antibodies (ALEXA 555 conjugated goat 
anti mouse (1:1000) and ALEXA 488 conjugated goat anti rabbit (1:1000) both 
Invitrogen) in 1.5% NGS at RT. After 3 times 10 minutes wash with PBS, the 
sections were transferred to microscope slides and kept over night in the dark to 
dry. All sections were embedded in 90% glycerol and stored flat at 4oC.  
 
In situ hybridization 
The brains of study 2 and 3 were sectioned on cryostat at 20 µm thickness and 
were used for in situ hybridization with a 720 basepair long digoxigenin (DIG)-
labeled eGFP riboprobe (antisense to NCBI gene DQ768212). The in situ 
hybridization was performed as described by Schaeren-Wiemers and Gerfin-Moser 
(244) with small modifications in the fixation procedure and hybridization 
temperature. Briefly, sections were fixed in 4% PFA for 20 minutes and rinsed 3 
times for 3 minutes in PBS. After acetylation for 10 minutes (0.25% acetic 
anhydride in 0.1 M triethanolamine), the sections were washed 3 times in PBS for 
5 minutes and prehybridized at RT in hybridization solution, containing 50% 
deionized formamide, 5xSSC, 5xDenhardt’s solution, 250 µg/ml tRNA Baker’s 
yeast and 500 µg/ml sonificated salmon sperm DNA. After 2 hours 150µl of 
hybridization mixture containing 400 ng/ml DIG-labeled riboprobe was applied per 
slide, covered with Nescofilm and hybridized overnight at 72°C. The next morning 
the slides were quickly washed in 2xSSC followed by 0.2xSSC for 2 hours, both 
wash steps were performed at 72°C. DIG was detected with an alkaline 
phosphatase labeled antibody (1:5000, Roche, Mannheim) using nitroblue 
tetrazolium and bromochloroindolylphosphate (NBT/BCIP, Roche) as a substrate. 
After overnight incubation at RT with NBT/BCIP mixture, sections were quickly 
dehydrated in ethanol, cleared in xylene and mounted using Entellan.  
 
Imaging, quantitation and statistical analysis 
The MCID system was used to digitize pictures from sections containing the 
injection site and a section 400 µm more posterior. The images were analyzed 
blind with ImageJ (http://rsb.info.nih.gov/ij/). This program was used to transform 
the digitized, color pictures into binary (black and white) pictures (Figs. 2A, B), the 
scale was set and total black area was measured. The total black area was used 
as a value for the total area which was transduced by the different serotypes in one 
section (Fig. 2B). In addition ImageJ was used to obtain an indication for the 
percentage of area transduced at a certain distance from the injection site, as a 
measure for spread from injection site (Fig. 2B). This was done by using the 
macro: measure and label tool circle. Circles of different radiuses were placed at 
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the site of injection and total black area and % black area in a certain sized circle 
were measured. From this the percentage transduced per circle radius was 
calculated. 
 
SPSS 15.0 was used for statistical analysis. The total area transduced and 
percentage transduced area per circle were compared using ANOVA analysis. The 
post-hoc Bonferroni correction was used when 3 or more groups were compared 
 
Results 
AAV1 transduces the LH most efficiently 
In order to compare the efficiency of different AAV serotypes in transducing the LH, 
we packaged pAAV-GFP with capsids derived from serotypes 1, 2, 8 or combined 
packaging plasmids to obtain mosaic capsids 1/2 and 2/8. These pseudotyped 
AAV vectors were bilaterally injected into the LH of rats (n=2-4) with 1x108 g.c. in a 
volume of 1.5 µl. Free floating brain sections (thickness, 40 µm) were used for 
double immunohistochemistry against GFP (green signal) and the neuronal marker 
NeuN (red signal). Co-localization of GFP and NeuN showed that all AAV 
serotypes transduced primarily neurons (>95%), since there were only few GFP 
stained cells that lacked staining for the neuronal marker NeuN (Figs. 1A, 1B).  
 

    
Figure 1 - Transduction by AAV1-GFP or AAV2-GFP in vivo 
A Co-localization of GFP (green) and NeuN (red) at injection site, 4 weeks after injection with 1x108 g.c. 
of AAV1-GFP. B Co-localisation of GFP and NeuN after injection of titer matched AAV2-GFP. Scalebar 
is 0.20 mm. 

 
The area transduced by AAV vectors was quantified using imaging software (Fig 
2A, 2B). Analysis of the brains injected with AAV-GFP coated with different 
serotypes in the LH revealed that the total area transduced was 0.025 mm2 with 
AAV2-GFP.  
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Figure 2 - Effect of AAV serotype capsids on transduction efficiency in the lateral hypothalamus 
A: GFP immunostaining of a 40µm slice containing the lateral hypothalamus, four weeks after injection 
with AAV1-GFP at a titer of 1x108 genomic copies in 1.5µl. B: A binary picture made with ImageJ 
through conversion of the original picture (2A) to a binary picture. Subsequently, ImageJ was used to 
measure the total area which is GFP positive (black). C Total area transduced (in mm2) by AAV-GFP 
coated with different serotype capsids. D A graphical representation of the relationship between 
percentage transduced area and the number of neurons transduced in an area of 0.115 mm2  by AAV1-
GFP (closed circles) and AAV2-GFP (open squares). This area contains approximately 19-20 neurons. 
E The percentage of area transduced at certain radii from the injection site (see circles in 2B) . * p<0.05 
compared to AAV2-GFP.  
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The total area transduced with serotypes 8, 1/2 and 2/8 was not significantly 
different from AAV2 (respectively 0.05, 0.03 and 0.005 mm2, p>0.05; Fig. 2C). 
However, AAV1-GFP transduced a significantly larger total area than AAV2-GFP 
(0.312 mm2, p=0.042).                                                                         
In addition to the total area of transduction, we also investigated whether the 
percentage of transduced cells at different radii from the injection site was different 
for the different AAV serotypes. The percentage of the area transduced was 
positively correlated to the number of neurons transduced (Fig. 2D). The results in 
Fig. 2e show that serotypes 2, 8 and 1/2 transduced approximately 50% of the 
neurons at a distance of 0.05mm from the injection site at a titer of 1x108 g.c. The 
AAV2/8-GFP only transduced an area of approximately 20% at a distance of 
0.05mm. Again AAV1-GFP appeared to be superior, transducing almost 90% of 
the neurons at 0.05mm from the injection site. In addition, AAV1 transduced 
neurons could be found at distances further from the injection site, namely up to 
1mm instead of 0.5mm (Fig 2E). AAV1 also showed a significantly larger spread in 
rostral to caudal direction. Ten sections (~2mm, p=0.002 compared to AAV2) were 
positive for GFP protein in the AAV1 group compared to 4, 3, 5 and 6 sections for 
AAV2, 8, 1/2 and 2/8, respectively (p>0.05 for AAV8, 1/2 and 2/8 compared to 
AAV2). These results together suggest that AAV1 coated AAV-vectors are more 
efficient in transducing neurons after injection in the LH than AAV2, AAV8 or the 
mosaic 1/2 and 2/8 coated AAV-vectors. 
 
Effect of titer on transduction area and on percentage transduction 
To investigate the effect of different titers, we tested two AAV-genomes packaged 
with AAV1 capsids, namely pAAV-GFP and pAAV-AgRP. These AAV vector preps 
were diluted in PBS to obtain 1x108, 1x109 and 1x1010 g.c./µl. One µl of these 
diluted preps was bilaterally injected in the PVN. As expected, an increase in titer 
of AAV1-AgRP(Fig. 3A) and AAV1-GFP (data not shown) augmented the total 
transduction area as determined with a GFP in situ hybridization (ISH). Increasing 
the amount of viral particles from 1x108 g.c. to 1x109 g.c. of AAV1-AgRP resulted in 
a total transduction area that was eight times larger; it increased from 0.08 to 0.65 
mm2 (p=0.004). An additional ten times rise in total viral particles, from 1x109 g.c. 
to 1x1010 g.c., did not transduce a significant larger area than 1x109 g.c.. The total 
transduced area only increased from 0.65 to 0.77 mm2 (p>0.05). Figure 3b shows 
that the percentage of transduced area at a certain distance from the injection site 
with 1x109 g.c. was not significantly different from 1x1010 g.c., while both 1x109 g.c. 
and 1x1010 g.c. are significantly different from 1x108 g.c. (Fig. 3B). The total area 
transduced and the percentage transduced by AAV1-GFP (Fig. 3C) did not 
significantly differ from AAV-AgRP at comparable titers (1x109 p>0.05, 1x1010 
p>0.05).   
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Figure 3 - Effects of different titers of AAV1 coated vectors on transduction efficiency in the 
paraventricular hypothalamus 
A total area transduced, in mm2, by AAV1-AgRP at different titers in the rat PVN. B: percentage 
transduced area per circle with AAV1-AgRP. C percentage transduced area per circle with AAV-GFP.   
* p<0.05 compared to AgRP 1x108  
 
Effects of injection volume on transduction area and percentage 
transduction 
In addition to variation in titer, we also varied the injection volume to investigate the 
effect on transduction area. We injected AAV1-GFP and AAV1-AgRP at similar 
genomic copy numbers (1x108 and 1x109 g.c.), but in different end volumes (1 and 
0.3 µl), into the PVN. As can be seen in Figures 4A and 4B, the injection volume of 
0.3 µl resulted in significantly smaller transduction areas (p=0.029) (Figs. 4A, 4B). 
In addition, 0.3µl resulted in a lower percentage transduced area per circle than 
injections with similar amounts of viral particles, but in volumes of 1 µl. We 
observed more often a GFP positive injection track in 0.3-µl groups than in the 1-µl 
groups (Figs. 4C, 4D).  
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Figure 4 - Effects of different volumes of AAV1 coated vectors on transduction efficiency in the 
paraventricular hypothalamus 
A Total transduced area with injection volumes of 0.3 µl and 1 µl. Both volumes contained 1x109 g.c. of 
AAV1-AgRP. B Pecentage area transduced per circle with AAV1-AgRP. C GFP ISH picture with 
injection volume of 0.3 µl. D GFP ISH picture with injection volume of 1 µl. The 0.3 µl injection volume 
more often resulted in GFP positive injection tracts than 1µl injection volumes. Scalebar is 1mm. 
* p<0.05 compared to 0.3 µl. 

 
Behavioral effects of AAV-AgRP overexpression in the PVN 
Injection of AAV1-AgRP and AAV1-GFP at the optimal dose of 1x109 g.c., in 1 µl, 
into the PVN resulted in an increase in body weight in the AAV1-AgRP rats 
compared to AAV1-GFP rats. On day 28 AAV1-AgRP rats had accumulated 147 ± 
5.4 % (p=0.0002) more weight than did the AAV1-GFP rats (Fig. 5A). The 
increased body weight in AAV1-AgRP rats was, at least partly, caused by an 
increase in daily caloric intake in the AAV1-AgRP rats (p=0.0001) (Fig. 5B). 
 
Discussion 
Recent studies have shown that AAV vectors coated with serotypes other than 
AAV2 are more efficient in the transduction of several brain areas, like striatum, 
hippocampus and substantia nigra (62, 63, 64, 65, 240). However, most studies 
using AAV vectors for transduction of the hypothalamus have been conducted with 
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AAV2 coated vectors (201, 237, 238). Therefore, we compared the transduction 
efficiency of AAV1, 8 or mosaic capsids 1/2 and 2/8 with that of AAV2 in the 
hypothalamus. We injected AAV-GFP coated with different capsid proteins in the 
LH at a titer of 1x108 g.c.. The results showed that AAV1-GFP transduced a 
significantly larger total area than AAV2. However, AAV-GFP coated with AAV8, 
1/2 and 2/8 did not significantly differ from AAV2-GFP in the total area transduced 
after injection in the LH. In addition, the AAV1-GFP transduced more neurons at a 
certain radius from the injection site in comparison with the other serotypes AAV2, 
8, 1/2 and 2/8; AAV1 also showed a significantly larger dispersion in rostral to 
caudal direction. It is possible that the mosaic capsids transduced a different set of 
neurons, however, we did not investigate this. In addition, we can not exclude that 
other AAV serotypes, such as AAV5, 6, 9 and 10, are more efficient than AAV1 in 
transduction of the hypothalamus. To our knowledge this is the first study to 
determine the efficacy of different AAV serotypes in the adult hypothalamus.  
 

  
Figure 5 - Effects of AAV1-AgRP on body weight and caloric food intake 
A cumulative body weight gain of rats receiving AAV1-AgRP or AAV1-GFP in the PVN. The body 
weight gain is from day 0 until day 28 after injection. Both vectors were injected at a titer of 1x109 g.c. in 
1 µl.  B total caloric food intake per day one day before injection and 28 days after injection of AAV1-
AgRP or AAV1-GFP in the PVN. ** p<0.01, *** p<0.001 compared to AAV1-GFP. 

 
In this study, we determined which titer was required to transduce a brain area of a 
certain size. We injected two vectors, namely AAV1-GFP and AAV1-AgRP, at 
different titers (1x108, 1x109 and 1x1010 g.c. in 1 µl) into the PVN. These results 
showed that a titer of 1x109 g.c. was able to transduce an area of approximately 
0.5 mm2. There were some differences in total transduction areas between AAV1-
GFP and AAV1-AgRP. 1x109 g.c AAV1-AgRP transduced an total area of 0.65 
mm2 (sem:+/- 0.07), while 1x109 g.c. AAV1-GFP transduced 0.38 mm2 (sem: +/- 
0.18); at 1x1010 g.c. the transduction areas were 0.77 mm2 (sem: 0.24) for AAV1-
AgRP and 1.08mm2 (sem: 0.09) for AAV1-GFP). However, these differences were 
not significant. A reason for this variation may be that there is a difference in the 
ratio of transducing particles and genomic particles between the different AAV 
preparations.  We determined the titers with qPCR and this resulted in a value 
representing the amount of genomic particles. The determination of transducing 
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particles is not feasible, because the receptors and pathways by which AAV1, 8 
and other serotypes enter cells are still (largely) unknown. The mechanisms for 
uptake and trafficking, of AAV to the cell nucleus are probably different for each 
serotype (245, 246). In addition, Rabinowitz J.E. et al. (2004) demonstrated that 
one dose of AAV vectors coated with AAV1/2 yielded different percentages GFP 
expression in different cell lines (241). We also confirmed that different serotypes 
with similar genomic particles resulted in different transducing particles values in 
HEK293T, HeLa and HT1080 cell lines (data not shown). Thus, comparison of 
different AAV serotyped AAV vectors on cell lines most probably does not reflect 
transduction efficiency in the brain and therefore we determined g.c. for 
comparison between different coats. However, transduction of a cell line with AAV 
vectors can be used to determine whether different batches of AAV vectors, with 
identical serotype capsids, have comparable ratios of transducing particles to 
genomic particle; this to ensure consistent AAV production over time.  
 
When the titer of AAV1-AgRP and AAV1-GFP was increased from 1x109 g.c. to 
1x1010 g.c. we did not observe a significant increase in the total area transduced. 
This ceiling effect was previously reported by Klein et al. (2002). They showed that 
AAV-NSE-GFP (AAV2 coat) at a titer of 3x1010 particles was not significantly 
different from a titer of 5x109 particles. In addition, they demonstrated that a 
minimum dose of 5x107 AAV particles was necessary to obtain GFP expression in 
rat hippocampus (230). Together, these data suggests that injection of different 
amounts of AAV genomic particles, to transduce a brain region, can be described 
by an S-shaped dose-response curve. 
 
Besides the effect on the total area transduced, we also investigated the effect of 
the titer on the percentage of neurons that were transduced at a certain radius from 
the injection site. The results showed that with an increase in titer, the percentage 
transduced area at a certain radius increased. This is in concordance with the 
larger total area that was transduced. Thus, more neurons in a certain area were 
transduced when the titer was increased. 
 
We also studied the effect of different injection volumes, 1 µl versus 0.3 µl, on the 
total area transduced. As expected, an injection volume of 1 µl transduced a larger 
total area. In addition, the 1-µl injection volume showed a trend toward a higher 
percentage transduced area per circle. This difference was probably due to a 
difference in diffusion, because the viral preparation, titer and flow rate were 
comparable.  
 
AAV-mediated overexpression of AgRP in the PVN increased food intake and body 
weight. This is in accordance with previous studies where acute and chronic 
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intracerebroventricular (ICV) administration of AgRP increased food intake and 
body weight (247, 248). In addition, overexpression of agouti with AAV2-
pseudotyped vector in the PVN also resulted in an increase in food intake and 
body weight (249). Similar amounts of AAV-AgRP that missed the PVN did not 
result in an increase in food intake or body weight (data not shown), showing that 
local delivery at precise locations is necessary for AAV vectors to result in a 
phenotype.  
 
Taken together, the results we obtained with regard to titer, volume and type of 
coat to transduce a certain area in the hypothalamus are similar to those obtained 
in the striatum, hippocampus and substantia nigra (62, 63, 64, 65, 240) and may 
therefore be informative for AAV mediated transduction of other brain regions. AAV 
vectors are effective tools with which the exact role of specific genes and brain 
areas in the dysregulation of energy balance can be dissected. The further 
optimization of the AAV technology for transduction of the hypothalamus, which we 
showed here, will be helpful in designing experiments in this field. Most 
investigators in this area still use AAV2-coated vectors, whereas we have shown 
here that an AAV1-pseudotyped vector transduces hypothalamic neurons more 
efficiently. In the future, AAV-mediated gene therapy may be considered as a new 
approach to treat obesity (227). In particular, in view of the burden and high 
mortality associated with bariatric surgery and the limited efficacy that is obtained 
with lifestyle adaptations, such as diets and exercise (250), local injection of viral 
vectors to downregulate or to deliver genes to the human hypothalamus may be 
considered as an alternative therapeutic strategy.  
 
In summary, this study showed that AAV1-GFP was most efficient for transduction 
of the lateral hypothalamus when compared to AAV2, 8, 1/2 and 2/8 pseudotyped 
vectors. We were able to transduce an area of approximately 0.5mm2 with AAV1- 
pseudotyped vectors at titer of 1x109 g.c., in an injection volume of 1 µl. An area of 
0.5 mm2, 4-5% of the total hypothalamic area in the analyzed plane, corresponds 
to a brain nucleus such as the PVN. These results also imply that for transduction 
of larger areas, multiple injections are required with distances of 0.5-1 mm between 
injection sites.   
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MELANOCORTIN RECEPTOR MEDIATED EFFECTS ON 
OBESITY ARE DISTRIBUTED OVER SPECIFIC 

HYPOTHALAMIC REGIONS 
 

Abstract 
Reduction of melanocortin signaling in the brain results in obesity. However, where 
in the brain reduced melanocortin signaling mediates this effect is poorly 
understood. Therefore, we determined the effects of long term inhibition of 
melanocortin receptor activity in specific brain regions, namely the paraventricular 
nucleus (PVN), the ventromedial hypothalamus (VMH), the lateral hypothalamus 
(LH) and accumbens shell (Acc). Melanocortin signaling was inhibited by 
recombinant adeno-associated viral (rAAV) vector mediated overexpression of the 
inverse agonist Agouti-related peptide (AgRP). Overexpression of AgRP in the 
PVN, VMH or LH increased food intake, bodyweight, percentage white adipose 
tissue and leptin concentration. In these areas food intake was increased due to an 
increase in meal size. Overexpression of AgRP in the Acc did not have any effect 
on the measured parameters. Although the orexigenic peptides AgRP and NPY are 
co-released from neurons of the arcuate nucleus, the effects of AgRP clearly differ 
from those of NPY, which suggests complementary roles for these neuropeptides 
in energy balance. 
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Introduction 
Overconsumption plays an important role in the current obesity epidemic. One of 
the major neuropeptides which stimulates food intake is Agouti-related peptide 
(AgRP). AgRP is produced in neurons within the arcuate nucleus of the 
hypothalamus and functions as an inverse agonist at the melanocortin 3 and 4 
receptors (MC3R and MC4R) (162, 251). Constitutive inhibition of the MC-Rs 
through (ectopic) overexpression of AgRP or agouti, or central infusion of AgRP 
results in hyperphagia and reduces energy expenditure (145, 163, 247, 248, 249, 
252). Furthermore, knockout studies have shown that reduced activity of both the 
MC3R and MC4R contribute to obesity and have additive effects (156, 157, 158, 
171, 172, 253). Although reduced activation of brain MC-Rs  results in obesity, it is 
poorly understood where in the brain this effect is mediated since the MC-Rs are 
expressed in multiple sites of the brain (139, 146, 159). We previously showed that 
ectopic overexpression of Agouti in the paraventricular nucleus (PVN) of rats 
resulted in hyperphagia and obesity (249). In addition, local acute injection studies 
with AgRP83-132 and MC-R antagonists in different brain nuclei, demonstrated that 
when MC-R activity is reduced, food intake is stimulated (190, 194, 254). Thus, 
multiple brain regions are involved in the effects of MC-Rs on food intake. It is, 
however, unclear whether chronic inhibition of MC-R activity in these different 
nuclei contributes to the development of obesity, since it is not feasible to locally 
infuse ligands in the brain over extended periods of time. 
To investigate whether the effects of long term inhibition of MC-R activity are brain 
site specific, we used viral mediated gene transfer to deliver AgRP to the PVN, the 
lateral hypothalamus (LH), the ventromedial hypothalamus (VMH) and the nucleus 
accumbens shell (Acc), which are all brain regions with high levels of MC receptor 
expression (139, 146, 159) and an established role in the regulation of energy 
balance (67). After injection of rAAV particles containing AgRP or only GFP cDNA 
in the PVN, LH, VMH or Acc, rats were monitored for 50 days. During this time 
effects on body weight, caloric intake (including meal patterns), locomotor activity 
and body core temperature were examined. At the end of the experiments, the 
effects on white adipose tissue and endocrine parameters were analyzed. In 
addition, we carefully compared the effects of overexpression of AgRP with those 
of NPY overexpression, for which a similar approach was used in a previous study 
(255). 
 
Materials and Methods 
Cell lines and plasmids 
Human embryonic kidney (HEK) 293T cells were maintained at 37oC with 5% CO2 
in Dulbecco’s modified Eagles medium (DMEM) supplemented with 10% fetal calf 
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serum (FCS), 2mM glutamine, 100 units/ml penicillin, 100 units/ml streptomycin 
and non-essential amino acids.  
pAAV-CBA-GFP with AAV2 inverted terminal resolutions sites, as previously 
described by (207), was a kind gift from M. Sena-Esteves (University of 
Massachusetts, Worcester, MA, USA). pAAV-CBA-flAgRP-ires-GFP was 
constructed by cloning the full length mouse Agouti-related peptide (AgRP) cDNA 
in pIRES2-EGFP (Clontech). Subsequently, AgRP-ires-EGFP was isolated and 
ligated in pAAV-CBA-GFP-WPRE, after removing GFP from the AAV plasmid. 
The pDP1 helper plasmid has been described previously (211) and was obtained 
from Plasmid factory (Bielefield, Germany).  
 
Virus production and purification 
AAV production was performed with 15x15 cm dishes of 293T cells, 80-90% 
confluent at day of transfection. Two hours before transfection, the 10% FCS-
DMEM was replaced with 2% FCS-DMEM. The transfections were performed with 
polyethylenimine (PEI) as described by Reed S.E. et al. (210). pAAV-CBA-GFP-
WPRE or pAAV-CBA-flAgRP-ires-GFP were co-transfected with the helper plasmid 
pDP1 (211) (Plasmid factory, Germany)  in a molar ratio of 1:1. The transfection 
mix remained on the cells until the next day, then the 2% FCS-DMEM was 
refreshed. AAV production and purification were essentially  performed as 
described by Zolotukhin et al. (212). Briefly, sixty hours after transfection, the cells 
were harvested in their medium, centrifuged and washed with PBS containing 5mM 
ethylenediaminetetraacetic acid (EDTA).  Finally, the cells were collected in 12 ml 
ice cold buffer (150 mM sodium chloride (NaCl), 50 mM 2-amino-(hydroxymethyl)-
1,3-propanediol (Tris), pH 8.4 ) and stored at -20oC until further use. Usually after 
three days the cells were freeze-thawed twice, incubated for 30 minutes with 50 
units/ml Benzonase (Sigma, The Netherlands) at 37oC and centrifuged. After 
centrifugation, the supernatant was loaded onto an iodixanol gradient (60%, 40%, 
25%, 15%, supernatant (Optiprep, Lucron bioproducts, Belgium)) in quickseal 
tubes (Beckman Coulter, The Netherlands). After 1 hour of ultracentrifugation 
(70.000 rpm at 20oC) in Ti70 rotor (Beckman Coulter, The Netherlands), the 40% 
layer was extracted. This 40% layer was used for ion-exchange chromatography 
with 5ml Hitrap Q HP columns (GE Healthcare, The Netherlands). The AAV 
positive fractions, determined by PCR, were pooled and concentrated on Centricon 
Plus-20 Biomax-100 concentrator columns (Millipore, The Netherlands). The titer, 
in genomic copies per ml (g.c./ ml), was determined by qPCR with SYBR Green 
mix in a LightCycler (Roche) (213). The qPCR primers were designed to detect 
BGHpolyA and were BGHpolyA_F: 5’ CCTCGACTGTGCCTTCTAG; BGHpolyA_R: 
5’ CCCCAGAATAGAATGACACCTA. The titer obtained for AAV-CBA-GFP-WPRE 
was 9.9 x 1012 g.c./ml and for AAV-CBA-flAgRP-ires-GFP was 1.7x1014 g.c/ml.  
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Animals  
Male Wistar rats, weight ranging from 220–250 g, were purchased from Charles 
River (Crl-Wu, Germany). All rats were individually housed in filtertop cages with ad 
libitum access to food (CRM pellets; Special Diet Services, Whitham, Essex, UK) 
and water. Animals were kept in a temperature- and humidity-controlled room 
(temperature 21 ± 2°C, humidity 55% ± 5%) with a 12 h light/dark cycle (lights on at 

7:00 A.M.). All experimental procedures were approved by the Committee for 
Animal Experimentation of the University of Utrecht (Utrecht, The Netherlands). 

Surgical procedures                                                                                           
After 1½ week of acclimatization the rats were anesthetized with 0.1 ml/100 g 
hypnorm intramuscular (Janssen Pharmaceutica, Beerse, Belgium), 0.05 ml/100 g 
dormicum intraperitonal (Hoffman-LaRoche, Mijdrecht, The Netherlands) and 0.1 
ml/100g Carprofen (5mg/ml, Vericore, UK) to relieve pain. After this, the rats 
received an abdominal transmitter (TA10TA-F40; Data Science International, St. 
Paul, Minnesota, USA), to measure core temperature and locomotor activity. 
Immediatly after transmitter placement the rats were injected bilaterally in the 
different brain areas with use of a stereotact. Twenty-five rats were injected in the 
PVN (coordinates anterior posterior (AP) -1.8 mm from bregma; mediolateral (ML) 
± 1.7 mm from bregma; dorsoventral (DV) -8.2 mm below the skull; with 10 
degrees angle), 9 rats were injected with AAV-GFP and 16 with AAV-AgRP. 
Twenty-two rats were injected in the LH (coordinates AP -2.6, ML ±2.0, DV -8.6), 
n=9 AAV-GFP and n= 13 AAV-AgRP. Twenty-one rats were injected in the VMH 
(coordinates AP -2.6, ML ±1.2, DV -9.4 with 5 degrees angle), 9 rats were injected 
with AAV-GFP and 12 with AAV-AgRP. Finally, twenty-one rats were injected in the 
shell of the Acc (coordinates AP +1.2, ML ±2.8, DV -8.0 with 10 degrees angle), 
n=9 AAV-GFP and n=12 AAV-AgRP. Per site 1 µl of virus containing 1x109 g.c. of 
rAAV was injected, at a rate of 0.2 µl/ minute. After the injection the needle was 
kept in place for 10 minutes before removal. After surgery the rats received 
carprofen (5 mg/kg, Vericore, UK) for post-operative pain control during 2 days.  

Data recordings                                                                                                  
After viral injections the rats were monitored for approximately 50 days for effects 
on bodyweight, food intake, body core temperature and locomotor activity. 
Bodyweight gain and food intake were measured three times a week at 10.00 A.M.. 
Core temperature and locomotor activity were automatically recorded via the 
transmitters that sent digitized data to a nearby receiver. These data were 
recorded every 10 minutes using DSI software (DSI, St. Paul, MN). On days 20-21 
and 40-41, meal patterns were recorded as described previously (Tiesjema et al. 
2007). Food hoppers were automatically weighed using scales (Dept. Biomedical 
Engineering, UMCU, Utrecht, the Netherlands) and data was sent to a computer 
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every 12s for 48 hrs. The data of 48 hours were averaged to obtain 24 hr values. A 
meal was defined as an episode of food intake with a minimal consumption of 0.5 g 
of chow and an intermeal interval of 5 min. 

Collection of blood and tissues                                                                              
On day 48-50, rats were decapitated in the morning and trunk blood was collected 
in heparinized tubes containing 83µmol EDTA and 1 mg aprotinin. The blood was 
immediately placed on ice. After centrifugation blood plasma was stored at -20°C 
until additional analysis.                                                                                            
After decapitation the brains were immediately removed, quickly frozen on dry ice 
and stored at -80°C. Retroperitoneal, epididymal, mesenteric and subcutaneous 
white adipose tissue were isolated and weighed, as well as adrenals and thymus. 

DIG in situ hybridization 
To verify injection sites, brains were sectioned on a cryostat into 20 µm thick slices 
and were used for in situ hybridization with a 720 basepair long digoxigenin (DIG)-
labeled eGFP riboprobe (antisense to NCBI gene DQ768212). The in situ 
hybridization was performed as described by Schaeren-Wiemers and Gerfin-Moser 
(244) with small modifications in the fixation procedure and hybridization 
temperature. Briefly, sections were fixed in 4% PFA for 20 minutes and rinsed 3 
times for 3 minutes in PBS. After acetylation for 10 minutes (0.25% acetic 
anhydride in 0.1 M triethanolamine), the sections were washed 3 times in PBS for 
5 minutes and prehybridized at RT in hybridization solution, containing 50% 
deionized formamide, 5xSSC, 5xDenhardt’s solution, 250 µg/ml tRNA Baker’s 
yeast and 500 µg/ml sonificated salmon sperm DNA. After 2 hours 150µl of 
hybridization mixture containing 400 ng/ml DIG-labeled riboprobe was applied per 
slide, covered with Nescofilm and hybridized overnight at 72°C. The next morning 
the slides were quickly washed in 2xSSC followed by 0.2xSSC for 2 hours, both 
wash steps were performed at 72°C. DIG was detected with an alkaline 
phosphatase labeled antibody (1:5000, Roche, Mannheim) using nitroblue 
tetrazolium and bromochloroindolylphosphate (NBT/BCIP, Sigma) as a substrate. 
After overnight incubation at RT with NBT/BCIP mixture, sections were quickly 
dehydrated in ethanol, cleared in xylene and mounted using Entellan.  
 
Radioactive in situ hybridization 
Adjacent cryostat brain sections were used for radioactive ISH with 33P-labeled 
antisense RNA probes for agouti-related peptide (AgRP, 396 bp mouse AgRP 
cDNA (256)), neuropeptide Y (NPY, 287 rat NPY cDNA), pro-opiomelanocortin 
(POMC, 350bp rat POMC cDNA fragment (256)), suppressor of cytokine signaling 
3 (SOCS3, 1200bp SOCS3 cDNA). The procedure for radioactive ISH and analysis 
has been described previously (257).  

C
ha

pt
er

 4
 



Effects of AAV-mediated AgRP overexpression 

 65 

Plasma analysis 
Plasma concentrations leptin and insulin were measured in duplicate using 
radioimmunoassay kits (Millipore, Billerica, MA, USA). Plasma glucose was 
analyzed in triplicate using a glucose/GOD- perid method (Boehringer Mannheim, 
Mannheim, Germany). 
 
Statistical analysis  
Data are presented as group means ± SEM. Differences in bodyweight and food 
intake were assessed using repeated measure analysis. When significant overall 
interactions were found, post hoc analyses were performed with two sided t tests. 
Additional statistical analysis was performed with two sided t-test. Differences were 
considered significant at p<0.05. 
 
Results  
Localization of rAAV injections 
In situ hybridization with a DIG-labeled GFP probe was performed for each rat to 
verify injection sites. Rats injected with AAV-AgRP were only included in the study 
when GFP signals were observed bilaterally in the Acc (AP between +2.2 and +0.7 
mm; ML between 1 and 2 mm from bregma), PVN (AP between -1.3 and -2.3 mm; 
ML between 0 and 1 mm from bregma), VMH (AP between -2.1 and -3.6 mm; ML 
between 0.2 and 1 mm) or LH (AP between -2.3 and -3.8 mm; ML between 1 and 
2.5 mm from bregma). Bilateral injection of AAV-AgRP was confirmed for 8 rats in 
the PVN, 7 rats in the VMH, 9 rats in the LH and 10 rats for the Acc. Unilateral 
injections were observed in 5 rats in the PVN, 5 rats in the VMH, 4 rats in the LH 
and 2 rats in the Acc. Unilateral and missed injections of AAV-AgRP were analyzed 
separately and are indicated as such. Since expression of GFP would not be 
expected to have any effects on energy balance, we tested whether there were 
differences between the bilateral and unilateral transduced AAV-GFP rats. When 
the different control groups were compared to each other, rats with GFP-
expression in different brain areas displayed similar bodyweight gain, food intake 
and meal patterns, supporting the assumption that GFP-expression had no effects 
on energy balance. 
 
Effects or rAAV-AgRP on body weight and food intake 
All injection groups showed a similar transient decrease in body weight gain, 
caloric intake and water intake in the days after surgery. In PVN-AgRP and LH-
AgRP rats body weight gain was significantly increased compared to controls, 
starting from day 8 and 11, respectively, until the end of the experiment (Fig. 1A 
and 1C). In addition, rats which received rAAV-AgRP in the VMH showed a 
significant increase in body weight from day 14 onwards when compared to VMH-
GFP (Fig. 1B).  
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Figure 1 - Cumulative body weight gain 
Cumulative body weight gain of rats injected with rAAV-AgRP or rAAV-GFP in PVN (A), VMH (B), LH 
(C) or Acc (D). Injections of rAAV-AgRP which missed the PVN did not show increase in body weight 
(E).    
 
The increase in body weight gain in rats injected in these three hypothalamic areas 
was highest when AgRP was expressed in both sides, since unilateral rAAV-AgRP 
expression in the PVN, LH or VMH resulted in body weight gain values in between 
those of controls and the bilateral transduced rats (average at day 50: unilateral 
PVN 173.7 g ± 11.8; unilateral LH 122.7 g ± 15.0; unilateral VMH 139.0 g ± 10.5). 
In contrast, AgRP overexpression in the Acc shell did not increase body weight 
gain when compared with controls (Fig. 1D). In addition, when AgRP expression 
was mis-targeted, for instance too rostral or caudal of the PVN (missed PVN 
injection), there was no increase in body weight gain (Fig. 1E). At the end of the 
experiment PVN-AgRP, LH-AgRP and VMH-AgRP rats had an approximately 80% 
increase in body weight gain compared with controls (PVN: 79.8% (±17.2) 
p=0.0002; LH:  80.1% (±10.1) p<0.0001; VMH 78.8% (±12.6) p<0.0001).  
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During the second week the PVN-AgRP, LH-AgRP and VMH-AgRP rats all 
increased their daily food intake compared to controls (increased food intake was 
significant from day 10 for PVN-AgRP, day 8 for LH-AgRP and day 14 for VMH-
AgRP). Food intake remained significantly elevated during the course of the 
experiment (Fig. 2A-C). Daily food intake in the Acc-AgRP and missed PVN-AgRP 
groups were similar to control groups (Fig. 2D, E). 
 

 
Figure 2 - Daily food intake 
Daily food intake of rats injected with rAAV-AgRP or rAAV-GFP in PVN (A), VMH (B), LH (C) or Acc 
(D). Injections of rAAV-AgRP which missed the PVN did not show increase in food intake (E).    
 
Daily water intake of PVN-AgRP and VMH-AgRP rats followed the food intake 
pattern and was significantly increased compared to controls from day 13 and 23, 
respectively (PVN-AgRP average of 28.2 ± 1.02 ml/day vs. 24.3 ± 0.50 ml/day for 
PVN-GFP; VMH-AgRP average of 26.5 ± 0. 93 ml/day vs. 21.9 ± 0.49 ml/day for 
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VMH-GFP). LH-AgRP and Acc-AgRP did not differ in water intake compared to 
their controls (data not shown). 
 
Effects of rAAV-AgRP on meal patterns 
The PVN-AgRP, VMH-AgRP and LH-AgRP rats showed significant increase in 24h 
food intake at day 20 and day 40 (Fig. 3A; 4A; 5A). This was due to an increase in 
food intake in both the light and dark period (Fig. 3B, C; 4B, C; 5B, C). Acc-AgRP 
rats were not different in their 24h food intake compared to Acc-GFP rats (Fig. 6A-
C). 

 
Figure 3 - Effects of AgRP overexpression, in the PVN, on meal patterns 
Graphs showing 24 hr food intake (A), 24h average meal size (D) and 24h average meal frequency (G) 
at day 20 and 40 post injection. The effects on food intake (B,C), average meal size(E,F) and meal 
frequency (H,I) in the light and dark period of day 20 and 40, respectively. Significance  *p<0.05 
**p<0.01, ***p< 0.001 versus control group. 
 
To investigate if the increase in daily food intake was due to a difference in the 
number of meals (meal frequency, a measure of meal initiation) or in meal size (a 
measure of satiation) meal patterns were analyzed on day 20 and day 40. Gene 
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expression from a rAAV vector increases during the first weeks to reach a plateau 
after 2-3 weeks (depending on AAV serotype and tissue), which is probably due to 
the fact that single stranded genome has to be converted into double stranded 
DNA (64, 258, 259). Therefore day 20 was analyzed in detail. Day 40 was chosen 
to compare the results to an earlier study, in which AAV mediated overexpression 
of NPY in the PVN resulted in compensatory changes after day 20. On day 40, 
food intake and body weight gain returned to levels similar to controls (255).  

 
Figure 4 - Effects of AgRP overexpression, in the VMH, on meal patterns 
Graphs showing 24 hr food intake (A), 24h average meal size (D) and 24h average meal frequency (G) 
at day 20 and 40 post injection. The effects on food intake (B,C), average meal size(E,F) and meal 
frequency (H,I) in the light and dark period of day 20 and 40, respectively.  
Significance *p<0.05 **p<0.01, ***p< 0.001 versus control group. 

 
On day 20 and day 40 the 24h meal size of PVN-AgRP, VMH-AgRP and LH-AgRP 
was significantly increased compared to controls (Fig. 3D, 4D, 5D), while the 24h 
meal frequency was similar to the respective control groups (Fig. 3G, 4G, 5G). 
Both 24h meal size and frequency were not different between Acc-AgRP and Acc-
GFP rats (Fig. 6D,G) 
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Figure 5 - Effects of AgRP overexpression, in the LH, on meal patterns 
Graphs showing 24 hr food intake (A), 24h average meal size (D) and 24h average meal frequency (G) 
at day 20 and 40 post injection. The effects on food intake (B,C), average meal size(E,F) and meal 
frequency (H,I) in the light and dark period of day 20 and 40, respectively.  
Significance *p<0.05 **p<0.01, ***p< 0.001 versus control group. 

 
On day 20 the increase in 24h food intake in PVN-AgRP rats was due to a 
significant increase in size and frequency in the light phase only (Fig. 3E, H). On 
day 40 the increase in 24h food intake of PVN-AgRP rats was due to a significant 
increase in meal size in both the light and dark phase (Fig. 3F). In addition, the 
frequency in the light phase was still increased in PVN-AgRP rats compared to 
PVN-GFP rats (Fig. 3I).  
The VMH-AgRP rats showed an increase in food intake on day 20 and day 40. 
This increase was due to an increase in meal size in both the light and dark phase 
(Fig 4E,F). There was no difference between VMH-AgRP and VMH-GFP rats in 
meal frequency on day 20 and day 40 (Fig 4H,I). 
The increase in food intake of LH-AgRP rats on day 20 was due to an increase in 
meal size, which was statistically significant in the dark phase (Fig. 5E). There was 
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no effect on meal frequency in the light or dark phase (Fig. 5H). On day 40 the 
increase in food intake of LH-AgRP rats was caused by increased meal size in 
both the light and dark phase (Fig. 5F). There was no difference in frequency 
between LH-AgRP and LH-GFP rats (Fig. 5I).  
The Acc-AgRP rats were similar to Acc-GFP rats in meal size and frequency on 
both days in both light and dark phase (Fig 6E, F, H, I). 

 
Figure 6 - Effects of AgRP overexpression, in the Acc, on meal patterns 
Graphs showing 24 hr food intake (A), 24h average meal size (D) and 24h average meal frequency (G) 
at day 20 and 40 post injection. The effects on food intake (B, C), average meal size (E,F) and meal 
frequency (H,I) in the light and dark period of day 20 and 40, respectively.  
 
Effects of rAAV-AgRP on body core temperature and locomotor activity 
rAAV-AgRP had only modest effects on body core temperature and activity (Table 
1).  

  

C
ha

pt
er

 4
 



Effects of AAV-mediated AgRP overexpression 

 72 

ac
c-

A
gR

P 

  

36
.9

2 
± 

0.
03

 

37
.6

8 
± 

0.
04

 

 

36
.8

7 
± 

0.
03

 

37
.6

3 
± 

0.
04

 

  

  8
0 

± 
11

 

24
6 

± 
21

 

 

67
 ±

 6
 

22
4 

± 
15

 

ac
c-

G
FP

 

  

36
.9

3 
± 

0.
02

 

37
.6

2 
± 

0.
03

 

 

36
.8

7 
± 

0.
04

 

37
.5

7 
± 

0.
03

 

  

88
 ±

 6
 

28
1 

± 
13

 

 

82
 ±

 9
 

24
3 

± 
21

 

VM
H

-A
gR

P 

  

37
.0

0 
± 

0.
05

 

37
.5

8 
± 

0.
03

 

 

36
.9

6 
± 

0.
07

 

37
.4

4 
± 

0.
07

* 

  

  7
8 

± 
10

 

18
4 

± 
28

 

 

62
 ±

 9
 

14
7 

± 
30

 

VM
H

-G
FP

 

  

37
.0

4 
± 

0.
05

 

37
.7

2 
± 

0.
07

 

 

37
.0

4 
± 

0.
02

 

37
.6

9 
± 

0.
06

 

  

66
 ±

 6
 

27
5 

± 
45

 

 

50
 ±

 4
 

18
1 

± 
17

 

LH
-A

gR
P 

  
36

.9
8 

± 
0.

07
 

37
.6

2 
± 

0.
04

 

 

36
.9

7 
± 

0.
03

 

37
.5

4 
± 

0.
06

 

  

62
 ±

 9
 

19
6 

± 
24

 

 

  5
7 

± 
11

 

15
4 

± 
19

 

LH
-G

FP
 

  
36

.9
7 

± 
0.

02
 

37
.6

9 
± 

0.
04

 

 

36
.9

9 
± 

0.
03

 

37
.6

3 
± 

0.
04

 

  

67
 ±

 5
 

21
5 

± 
14

 

 

60
 ±

 7
 

18
1 

± 
18

 

PV
N

-A
gR

P 

  
37

.0
5 

± 
0.

03
 

37
.6

0 
± 

0.
06

 

 

36
.9

4 
± 

0.
03

 

  3
7.

46
 ±

 0
.0

7*
 

  

80
 ±

 9
 

  1
83

 ±
 2

5*
 

 

77
 ±

 7
 

18
1 

± 
21

* 

PV
N

-G
FP

 

 

36
.8

8 
± 

0.
06

 

37
.7

2 
± 

0.
04

 

 

36
.9

2 
± 

0.
03

 

37
.6

2 
± 

0.
03

 

 

  8
6 

± 
21

 

31
0 

± 
41

 

 

  7
7 

± 
10

 

25
7 

± 
26

 

 B
od

y 
te

m
pe

ra
tu

re
 (°

C
) 

D
ay

 2
0 

  L
ig

ht
 

  D
ar

k 

D
ay

 4
0 

  L
ig

ht
 

  D
ar

k 

A
ct

iv
ity

 (a
.u

.) 

D
ay

 2
0 

  L
ig

ht
 

  D
ar

k 

D
ay

 4
0 

  L
ig

ht
 

  D
ar

k 

 
 

Ta
bl

e 
1-

 E
ffe

ct
 o

f A
A

V-
A

gR
P 

in
je

ct
io

ns
 o

n 
av

er
ag

e 
co

re
 b

od
y 

te
m

pe
ra

tu
re

 a
nd

  l
oc

om
ot

or
 a

ct
iv

ity
 in

 li
gh

t a
nd

 d
ar

k 
pe

rio
d 

   

* 
p<

0.
05

 v
er

su
s 

co
nt

ro
l g

ro
up

 

C
ha

pt
er

 4
 



Effects of AAV-mediated AgRP overexpression 

 73 

In the dark phase of day 40, the temperature of PVN-AgRP rats was significantly 
decreased. In addition, the temperature of VMH-AgRP rats was decreased in the 
dark phase of day 40. LH-AgRP and Acc-AgRP rats were similar in body 
temperature to their controls in both light and dark phase of day 20 and 40. 
Locomotor activity was decreased in the dark phase of day 20 and 40 in PVN-
AgRP rats (Table 1). The LH-AgRP and Acc-AgRP rats showed no significant 
differences in their locomotor activity compared with their controls, whereas VMH-
AgRP rats tended (p=0.1542) to decrease locomotor activity at day 20 in the dark 
phase. 
 
Effects of rAAV-AgRP on endocrine parameters and body composition 
The effects of AgRP overexpression in the PVN, VMH and LH on endocrine 
parameters and body composition are summarized in Table 2. PVN-AgRP, LH-
AgRP and VMH-AgRP rats all had significantly increased amounts of 
subcutaneous and abdominal white adipose tissue compared to controls. Similarly, 
plasma concentration of leptin and insulin were significantly increased for each of 
these groups.  
However, plasma leptin concentrations of PVN-AgRP and VMH-AgRP rats were 
significantly higher than leptin concentrations of LH-AgRP rats (p=0.0253 LH-AgRP 
vs. PVN-AgRP; p= 0.0431 LH-AgRP vs. VMH-AgRP). Rats injected with AgRP in 
the Acc shell did not show any significant differences from controls. Furthermore, 
no differences were observed in plasma glucose concentrations or adrenal weights 
for any of the AgRP-group. However, the weight of the thymus was decreased in 
PVN-AgRP rats compared to controls. 
 
Effects of rAAV-AgRP on neuropeptide expression 
There were no differences in NPY, AgRP, POMC and SOCS3 mRNA levels in the 
arcuate nucleus between rAAV-AgRP rats and their controls in the PVN, VMH and 
LH (NPY mRNA  levels:  PVN-GFP 100±6.2; PVN-AgRP 84.8±17.9; VMH-GFP 
100±11.4; VMH-AgRP 100.4±12.2; LH-GFP 100±6.6; LH-AgRP: 70.1±14.3. AgRP 
mRNA levels: PVN-GFP 100±37.4; PVN-AgRP 115.8±29.7; LH-GFP: 100±18.5; 
LH-AgRP 76.4±12.9. POMC mRNA levels: PVN-GFP: 100±6.7; PVN-AgRP 
106.5±16.7; VMH-GFP 100±8.4; VMH-AgRP 114.2±16.7; LH-GFP 100±18.7, LH-
AgRP 101.7±8.8. SOCS3 mRNA levels: PVN-GFP 100±3.9; PVN-AgRP 88.2±7.6; 
VMH-GFP 100±4.3; VMH-AgRP 100.7±6.5; LH-GFP 100±4.2; LH-AgRP 96.5±6.2). 
VMH-AgRP rats showed ectopic AgRP expression in VMH, which in many rats 
extended towards the arcuate nucleus; therefore we did not quantify AgRP 
expression in the arcuate nucleus of these animals.  
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Discussion 
Reduced brain MC-R activity results in increased food intake and obesity, but it 
was poorly understood where in the brain this was mediated. In this study we 
showed that long term inhibition of the MC-R, by overexpression of AgRP, in either 
PVN, VMH or LH increased body weight gain, fat mass and food intake mainly by 
increasing meal size. The increase in caloric intake was clearly not an effect of 
global overexpression of AgRP in the hypothalamus, because rats with mistargeted 
AgRP overexpression in the hypothalamus were not different from controls. 
Together these results suggest that chronic inhibition of MC-R activity at multiple 
sites in the hypothalamus contributes to the hyperphagia and obesity that are 
associated with reduced MC-R activity in knockout models and humans with 
mutations in MC4R. This is in agreement with data from local injections in the LH, 
VMH and PVN, which showed an increase in food intake after injection of AgRP83-

132 in these areas (190, 194, 254). Re-expression of the MC4R in the PVN and 
amygdala which normalized the hyperphagia seen in MC4R-/- mice suggested that 
the PVN and amygdala are sufficient for the anorectic effect of melanocortins 
(176). However, regaining MC sensitivity in a MC4R knockout background clearly 
differs from reducing MC sensitivity in a wild-type background as was performed in 
this study. Our current study indicates that the PVN is probably not the only 
hypothalamic nucleus that contributes to hyperphagia when MC-R activity is 
reduced.  
AgRP overexpression in the Acc shell did not have any effect on caloric intake, 
body weight gain or any other parameter measured in this study. This is in 
agreement with a previous study that showed that injections of the MC4R 
antagonist HS014 in the Acc did not alter food intake (191).  
 
Effects on meal patterns 
Hyperphagia can result from an increase in meal size, an increase in meal number 
or both. It has been hypothesized that meal size is a measure for satiation and that 
the number of meals is a measure for hunger (260, 261). For all hypothalamic 
nuclei injected, AgRP increased caloric intake by increasing meal size in both light 
and dark phase. This was similar for day 20 and day 40 and thus not compensated 
for over time. Overexpression of AgRP in the PVN, but not in the other targeted 
nuclei, resulted in different distribution of meals over the light-dark cycle, with more 
meals consumed in the light period, whereas total 24h frequency was not affected. 
The increase in meal size observed in this study is in accordance with previous 
studies which showed that MC-R antagonist increased meal size and not meal 
frequency (134, 262, 263). In addition, an agonist for the MC3R and MC4R 
specifically reduced meal size and not meal frequency (134, 264, 265). Taken 
together, our data suggest that inhibition of MC-R activity in the PVN, LH and VMH, 
decreases satiation irrespective of the time of day. This effect on satiation has also 
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been reported in humans with MC4R deficiency. During an ad libitum test meal, 
these patients eat larger meals, indicating a decrease in satiation, similar to our 
observations (266). 
 
Effects on energy expenditure 
Body temperature was differentially affected by AgRP depending on the area in 
which it was overexpressed. AgRP overexpression in the PVN or VMH reduced 
body temperature in the dark phase of day 40, whereas AgRP overexpression in 
the LH or Acc did not change body temperature. The decrease in body 
temperature shown in PVN and VMH rats may be due to the reduced levels of 
locomotor activity observed in these rats. A decrease in locomotor activity and core 
body temperature was previously reported after ICV administration of AgRP83-132 
(262, 267). In addition, 6 month old mice deficient of AgRP were reported to be 
hyperactive (170). However, re-expression of MC4R in the PVN and amygdala of 
MC4R-/-mice had no effects on locomotor activity (176). MC3R-/- mice did show a 
decrease in locomotor activity and MC3Rs are also expressed in the PVN (146, 
157, 158). Therefore, reductions in locomotor activity by AgRP may be due to 
inhibition of MC3R.    
 
Effects on body composition and endocrine parameters 
The increase in body weight by AgRP overexpression in PVN, LH and VMH was 
reflected in the amount of white fat mass, which was also increased. As expected 
with larger fat mass, the plasma leptin concentrations were also increased in these 
groups. However, leptin concentrations in PVN-AgRP and VMH-AgRP rats were 
significantly higher than concentrations in the LH-AgRP rats, while all rats had 
comparable AWAT and SWAT percentages. A decrease in sympathetic nervous 
system (SNS) activity may have contributed to the increase in leptin secretion in 
VMH and PVN rats. Retrograde tracing experiments have shown that PVN, LH and 
VMH are connected to adipose tissue (268, 269, 270) and sixty percent of these 
projections from the brain to WAT and BAT co-express MC4R mRNA (269, 270). In 
addition, obese MC4R-/- mice and humans were reported to have decreased SNS 
activity (271, 272) and ICV administration of MC-R ligands affected SNS activity 
(273).  
Lesions in the VMH and PVN increase food intake and decrease sympathetic 
activity, while lesions in the LH decrease food intake and increase sympathetic 
activity (274, 275, 276, 277, 278). Thus the SNS activity is controlled in a similar 
manner in VMH and PVN, which clearly differs from LH. The SNS activity is 
relayed to the periphery via noradrenalin which binds β-adrenoreceptors and in 
vitro studies showed that β receptor agonists decreased leptin secretion by 
adipocytes (279, 280). Therefore, overexpression of  AgRP in the LH may increase 
the levels of SNS activity, thereby decreasing leptin secretion by adipocytes, while 
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AgRP in the PVN and VMH decreases SNS activity and increases leptin secretion 
relative to the amount of WAT. 
 

A
cc

-A
gR

P 

- - - - - - - 

VM
H

-A
gR

P 

↑ ↑ ↑ - - - - 

LH
-N

PY
 

↑ L↑
 

↑ - - 

L↑
, D

↓ 

↓ 

LH
-A

gR
P 

↑ ↑ ↑ - - - - 

PV
N

-N
PY

 

↑ L↑
 

- L↑
 

↑ 

L↑
, D

↓ 

D
↓ 

PV
N

-A
gR

P 

↑ ↑ ↑ L↑
 

↑ - D
↓*

 

D
AY

 2
0/

21
 

B
od

y 
w

ei
gh

t g
ai

n 

Fo
od

 in
ta

ke
 

M
ea

l s
iz

e 

M
ea

l f
re

qu
en

cy
 

W
at

er
 in

ta
ke

 

B
od

y 
te

m
pe

ra
tu

re
 

Lo
co

m
ot

or
 a

ct
iv

ity
 

Ta
bl

e 
3 

- C
om

pa
ri

so
n 

of
 p

ar
am

et
er

s 
af

fe
ct

ed
 b

y 
A

A
V

-N
PY

 o
r A

A
V-

A
gR

P 
ov

er
ex

pr
es

si
on

 in
 d

iff
er

en
t b

ra
in

 a
re

as
 a

t 2
0/

21
 d

ay
s 

p.
i. 

 ↑ 
in

cr
ea

se
d 

by
 A

gR
P

 o
r N

P
Y

 o
ve

re
xp

re
ss

io
n;

 ↓
 d

ec
re

as
ed

 b
y 

A
gR

P
 o

r N
P

Y
 o

ve
re

xp
re

ss
io

n;
 L

: l
ig

ht
  p

ha
se

; D
: d

ar
k 

ph
as

e;
 *

 d
at

a 
to

 b
e 

in
te

rp
re

te
d 

w
ith

 c
ar

e 

C
ha

pt
er

 4
 



Effects of AAV-mediated AgRP overexpression 

 78 

A
cc

-A
gR

P 

- - - - - - - - - - - 

VM
H

-A
gR

P 

↑ ↑ ↑ ↑ - ↑ D
↓ - ↑ ↑ - 

LH
-N

PY
 

↑ ↑ L↑
 

↑ - - D
↓ 

D
↓ ↑ ↑ - 

H
-A

gR
P 

↑ ↑ ↑ ↑ - - - - ↑ ↑ - 

PV
N

-N
PY

 

- ↑ L↑
 

- - - D
↓ 

D
↓ ↑ ↑ ↑ 

PV
N

-A
gR

P 

↑ ↑ ↑ ↑ L↑
 

↑ D
↓ 

D
↓*

 

↑ ↑ - 

D
AY

 4
0/

48
 

B
od

y 
w

ei
gh

t g
ai

n 

Fa
t %

 

Fo
od

 in
ta

ke
 

M
ea

l s
iz

e 

M
ea

l f
re

qu
en

cy
 

W
at

er
 in

ta
ke

 

B
od

y 
te

m
pe

ra
tu

re
 

Lo
co

m
ot

or
 a

ct
iv

ity
 

Pl
as

m
a 

le
pt

in
 

Pl
as

m
a 

in
su

lin
 

Pl
as

m
a 

gl
uc

os
e 

 
 
Comparison to AAV mediated overexpression of NPY 
The orexigenic peptides, NPY and AgRP, are produced by the same neurons in 
the arcuate nucleus and NPY1R and MC4R co-localize in several brain areas, e.g. 
PVN and central amygdala (281). After binding to their receptors AgRP and NPY 
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both reduce cAMP levels (282, 283). Thus, one might expect that NPY and AgRP 
overexpression act similarly at projection sites of the arcuate nucleus to increase 
food intake and body weight. To test the validity of this assumption we compared 
our current data on AgRP overexpression in the LH and PVN with previous data on 
NPY overexpression in the same areas (255) (Table 3 and 4). 
In the PVN clear differences were found between overexpression of the two 
peptides. Overexpression of NPY in the PVN temporarily increased food intake, but 
due to compensatory mechanisms food intake returned to control levels (199). The 
temporary increase in food intake was caused by a transient increase in meal 
frequency in the light period only. In contrast, AgRP overexpression in the PVN 
increased food intake during the entire experiment and was due to increase in 
meal size in both the light and dark period as well as an increase in meal frequency 
during the light period. In the LH both overexpression of NPY and AgRP increased 
food intake due to an increase in meal size without affecting meal frequency, 
during the entire experiment. Thus in the LH, AgRP and NPY show similar effects 
on meal patterns. However, energy expenditure appears to be differently regulated; 
overexpression of NPY in LH decreased locomotor activity and core body 
temperature, whereas AgRP overexpression in the LH did not affect these 
parameters.  
Overexpression of NPY in both LH and PVN decreased the endogenous 
expression of AgRP mRNA in the arcuate nucleus, whereas overexpression of 
AgRP did not affect POMC, NPY, SOCS3 or AgRP mRNA in the ARC. This 
suggests that the effects of NPY overexpression can be partially compensated by 
an increase in MC-R signaling, while the effects of AgRP overexpression are not 
compensated by a decrease in NPY signaling.   
 
The increased meal size which is associated with reduced MC-R activity is 
distributed over distinct hypothalamic nuclei. Nevertheless, there were brain area 
specific effects of AgRP on locomotor activity, body temperature, diurnal rhythm of 
food intake and plasma leptin concentrations. Finally, comparison of AgRP 
overexpression data with NPY overexpression data showed that although NPY and 
AgRP are co-released by ARC neurons, they affect food intake and energy 
expenditure through different mechanisms.   
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A NEW METHOD TO DELIVER NEUROPEPTIDES TO 
THE BRAIN: A VON WILLEBRAND FACTOR SIGNAL 

PEPTIDE TO DIRECT LOCAL NEUROPEPTIDE 
SECRETION 

 
Abstract 
Multiple neuropeptides, sometimes with opposing functions, can be produced from 
one precursor gene. To study the roles of the different neuropeptides encoded by 
one large precursor we developed a method to overexpress minigenes which were 
released locally.We fused the signal peptide from the Von Willebrand Factor (VWF) 
to a furin site followed by a processed form of the Agouti related protein (AgRP), 
AgRP83-132 or α-melanocyte stimulating hormone. In vitro, these minigenes were 
secreted and biologically active. Additionally, the proteins of the minigenes were 
not transported into projections of primary neurons, thereby ensuring local release. 
In vivo administration of VWF-AgRP83-132, using an adeno-associated viral vector 
as a delivery vehicle, in the rat paraventricular hypothalamus increased body 
weight and food intake compared to controls. This study demonstrated that 
changing the signal peptide of a neuropeptide for a VWF signal peptide is a 
successful strategy to deliver neuropeptides to the brain and establish local 
neuropeptide secretion.   
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Introduction 
Numerous neuropeptide precusors have been implicated in the regulation of 
energy balance, such as pro-opiomelanocortin (POMC), melanin concentrating 
hormone (MCH) and ghrelin. Neuropeptide precursors have a signal peptide which 
translocates the neuropeptide precursors from the rough-endoplasmatic reticulum 
to the trans-golgi network (TGN). From the TGN the peptide precursors traffic into 
immature secretory vesicles were they are cleaved once or multiple times by 
prohormone convertases (PC) 1/3 and/or 2 to generate functional neuropeptides 
(284, 285, 286). Through budding and fusion the immature vesicles become 
mature, dense, vesicles which release their content upon a specific signal (287).  
The processing of neuropeptide precursors results in multiple biologically active 
peptides, sometimes with opposing effects; an example is the POMC gene. Pre-
pro POMC is processed into several neuropeptides with anorexigenic function, e.g. 
α-melanocyte stimulating hormone (MSH) and β-MSH, but also an opioid with 
“orexigenic” function, namely β-endorphin (178, 288, 289, 290, 291). Loss of the 
whole POMC gene results in hyperphagia and obesity (164). Although there is 
strong evidence that the lack of melanocortin signaling in POMC knockout mice 
explains the phenotype, mice lacking only the β-endorphin part of the POMC gene 
are also hyperphagic and obese (292). Another example of a precursor gene that 
encodes for peptides with diverse effects is pre-pro-ghrelin which encodes for 
ghrelin, an appetite stimulating hormone, and obestatin, an appetite suppressing 
hormone (293). Therefore, it is important to determine the role of individual 
neuropeptides encoded by the precursor gene. 
To investigate the role of specific neuropeptides, synthesized neuropeptides can 
be injected through intracerebroventricular (ICV) or local cannulae in the brain. 
However, there are drawbacks to these techniques. ICV administration of 
neuropeptides can be done long term, but administration is not local. In contrast, 
neuropeptides remain local with local cannulae, but these experiments are usually 
short term, because the cannulae can not be maintained over weeks. To 
overexpress neuropeptides locally and for long periods of time one can use viral 
vectors, such as the adeno-associated viral (AAV) vector (169, 230, 255). There 
are two problems with the long term overexpression of neuropeptide genes. Firstly, 
the precursor gene encodes for multiple peptides, which may serve different 
functions (see above). Therefore, overexpression of the precursor gene may show 
the effects multiple peptides. The second problem, with overexpression of 
neuropeptides via viral vectors, is that the neuropeptide is potentially released in 
the area the transduced neuron projects to rather than locally at the site of 
transduction; with AAV mediated overexpression of neuropeptide Y (NPY) in the 
paraventricular nucleus (PVN) (199, 255) the release of NPY may not be limited to 
the PVN. In the hypothalamus there are many interneurons and local connections, 
therefore NPY will probably be secreted locally. However, even in the absence of 
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staining in the projection areas one can not exclude that a projection neuron is 
releasing the neuropeptide elsewhere.  
In order to circumvent that overexpression of a neuropeptide gene generates 
multiple messages and that the peptide may be released at distant sites, we 
developed an AAV vector based method to overcome these problems. In short, we 
fused a signal peptide with HA tag and furin site to the cDNA of a specific 
minigene, namely AgRP83-132 or α-MSH. To prevent trafficking of the minigene into 
the regulated secretion pathway we used a signal peptide from the Von Willebrand 
Factor (VWF). This peptide has been described to primarily enter the constitutive 
pathway and is thus continuously secreted from the cell surface (294). A furin 
cleavage site was inserted between the signal peptide-HA tag and the minigene to 
release the minigene from the signal peptide.  Furin is a ubiquitously expressed PC 
which is located in the TGN, in stead of in secretory vesicles, and cycles back and 
forth to the plasma membrane (295, 296, 297).  
We used the cDNA of AgRP83-132, because this is the main secreted form of AgRP 
after processing by PC (267). AgRP is an inverse agonist for the MC3R and MC4R 
and stimulates food intake and reduces energy expenditure, while α-MSH is a 
peptide derived from the POMC gene and is able to activate the MC3R and MC4R 
to inhibit food intake and increase energy expenditure (162, 178, 187, 188, 248). 
AgRP and α-MSH compete to bind to the MC4R and the balance between these 
peptides determines the activity of the MC4R. 

Material and methods 
Cell lines and constructs 
Human embryonic kidney (HEK) 293T cells were maintained at 37oC with 5% CO2 
in Dulbecco’s modified Eagles medium (DMEM) supplemented with 10% fetal calf 
serum (FCS), 2mM glutamine, 100 units/ml penicillin, 100 units/ml streptomycin 
and non-essential amino acids.  
pAAV-CBA-GFP with AAV2 inverted terminal resolutions sites, was previously 
described (207) and was a kind gift from M. Sena-Esteves. pAAV-CBA-flAgRP-
ires-GFP (Fig. 1) was constructed by cloning the full length mouse Agouti-related 
protein (AgRP) cDNA in pIRES2-EGFP (Clontech). Subsequently, AgRP-ires-
EGFP was isolated and ligated in pAAV-CBA-GFP-WPRE, after removing GFP 
from the AAV plasmid. AgeI-furin-AgRP83-132 –EcoRI was made by PCR on AgRP-
ires-GFP with the following primers: Agrp83f: 5’ GATCCAACCGGTCGCAAGCGT 
CGTTCTCCGCGTCGCTGTGTAA and ires reverse long: 5’ CGGCTTCGGCCAG 
TAACGTTAGGGGGGGGGGAGGGAGA. The PCR fragment was subsequently 
digested with AgeI and EcoRI and ligated into AgeI- EcoRI digested pCMV-VWF-
αMSH4-ires-GFP resulting in pCMV-VWF-AgRP83-132-ires-GFP.  pCMV-VWF-
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αMSH1-ires-GFP and pCMV-VWF-αMSH4-ires-GFP were described elsewhere 
(298). 
 
AAV-CBA-flAgRP-ires-gfp  

 
M L T A M L L S C V L L L A L P P T L G V Q M G V A P L K G I R R P D Q A L 
F P E F P G L S L N G L K K T T A D R A E E V L L Q K A E A L A E V L D P Q 
N R E S R S P R R C V R L H E S C L G Q Q V P C C D P C A T C Y C R F F N A 
F C Y C R K L G T A T N L C S R T Stop 
Endogenous signal peptide 
Prohormone convertase recognition site  

 
AAV-CBA-VWF-AgRP83-132-ires-gfp 

 
M I P A R F A G V L L A L A L I L P G T L C Y P Y D V P D Y A T G R K R R S 
P R R C V R L H E S C L G Q Q V P C C D P C A T C Y C R F F N A F C Y C R K 
L G T A T N L C S R T Stop  
Human VWF signal peptide 
HA tag 
Furine recognition site 

 
AAV-CBA-VWF-α-MSH1 

 
M I P A R F A G V L L A L A L I L P G T L C Y P Y D V P D Y A T G L T P P G 
S S S Y S M E H F R W G K P V P K P S T P E T Stop  

 
AAV-CBA-VWF-α-MSH4 

 
M I P A R F A G V L L A L A L I L P G T L C Y P Y D V P D Y A T G L T P P G 
S S S Y S M E H F R W G K P V P K P S T P P G S S S Y S M E H F R W G K P V 
P K P S T P P G S S S Y S M E H F R W G K P V P K P S T P P G S S S Y S M E 
H F R W G K P V P K P S T P E T Stop  
Human VWF signal peptide 
HA tag 
MSH 
 
Figure 1 – Overview of the vectors used in this study 
 
The three pCMV-VWF-neuropeptide-ires-GFP vectors were digested with AfeI-
BsrGI and the VWF-neuropeptide-ires-GFP parts were isolated and inserted in 
pAAV-CBA-GFP, resulting in pCBA-VWF-AgRP83-132-ires-gfp, pCBA-VWF- 
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αMSH1-ires-GFP and pCBA-VWF-αMSH4-ires-GFP (Fig. 1). Sequences were 
verified by sequence analysis. 
The pDP1 helper plasmid used to produce AAV vectors has been described (211) 
and was obtained from Plasmid factory (Bielefield, Germany).  
 
LacZ reporter gene assay 
Activation of the MC4R was determined using LacZ as a reporter gene (299). DNA 
was transfected into cells with polyethylenimine (210). Fifty nanograms of human 
MC4R and 10 µg of cAMP-responsive element (CRE)-LacZ were transfected into 
293T cells on 10cm dishes. Another five 10cm dishes with 293T cells were 
transfected with 10µg of respectively pAAV-GFP, pAAV-flAgRP, pAAV-VWF-
AgRP83-132, pAAV-VWF-αMSH1 and pAAV-VWF- αMSH4. One day after 
transfection the MC4R_CRE-LacZ cells were transferred to poly-L-lysine coated 
96-wells plates. Three days after transfection supernatant of 10cm dishes was 
removed and used for LacZ reporter assay. At this day the medium was removed 
from MC4R_CRE_LacZ transfected cells and replaced with assay buffer (DMEM 
containing 0.2% BSA, 25mM hepes and 30 µg/ml aprotinin) supplemented with 
NDP-MSH alone or in combination with conditioned supernatants of cells 
transfected with flAgRP, VWF-AgRP83-132 or GFP. In addition only forskolin was 
added to other wells as a positive control for CRE-LacZ transfection and the 
subsequent colometric reaction. The medium of another plate with MC4R_CRE-
LacZ transfected cells was replaced with assay buffer containing serial dilutions of 
conditioned medium from cells transfected with αMSH1, αMSH4 or GFP. As assay 
controls only NDP-MSH or forskolin were added to other wells of this plate. After 5-
6 hour incubation at 37°C the assay medium was removed and replaced by 40 µl 
lysisbuffer (phosphate buffered saline (PBS) containing 0.1% Triton-X-100). The 
plates were stored at -20°C. After thawing of the plates, 80 µl of substrate (0.1M 
phosphate buffer, pH7.4, containing 1.6 g/l o-nitrophenyl β-D-galactopyranoside 
(ONPG, Invitrogen, the Netherlands), 67.5 mM β-mercaptoethanol (Merck, 
Germany) and 1.5mM magnesium chloride) was added to each well. Absorbance 
at 405 nm was measured in a Victor2 microplate reader (PerkinElmer, Brussels, 
Belgium). 
 
Spot blot  
To determine the amount of protein secreted into the medium of 293T cells 
transfected with flAgRP, VWF-AgRP83-132 and GFP a spot blot was performed. A 
serial dilution of the medium was made in water. The first dilution was 20 times 
followed by 5 times dilutions. Subsequently 1 µl of undiluted and diluted 
conditioned medium was spotted on Hybond-C extra. The blot was dried and 
blocked for 10 minutes in PBS containing 0.05% Tween-20 (PBS-T) and 5% milk. 
Afterwards the blot was incubated with a rabbit-AgRP antibody (1:1.000; a kind gift 
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of G. Barsh) in PBS-T for 90 minutes, washed three times 10 minutes with PBS-T 
and incubated for 60 minutes with goat-anti-rabbit horse-radish peroxidase 
(1:20.000) in PBS-T. After three washes with PBS-T and one wash with PBS the 
spots were developed with SuperSignal West Dura extended duration substrate 
(Thermo scientific) and exposed to a CL-film.    
 
AAV production 
Each AAV production was performed with 15 dishes of 80-90% confluent 293T 
cells at day of transfection. Two hours before transfection, the 10% FCS-DMEM 
was replaced with 2% FCS-DMEM. The transfections were performed with 
polyethylenimine (PEI) as described by Reed S.E. et al. (210). The pAAV plasmids 
were co-transfected helper plasmid pDp1 in a molar ratio of 1:1. The transfection 
mix remained on the cells until the next day, then the 2% FCS-DMEM was 
refreshed. The purification was performed as described by Zolotukhin et al. (212). 
The titer, in genomic copies per ml (g.c./ ml), was determined by qPCR with 
sybergreen mix in a LightCylcer (Roche) (213). The qPCR primers were designed 
to detect BGHpolyA and were BGHpolyA_F: 5’ CCTCGACTGTGCCTTCTAG; 
BGHpolyA_R: 5’ CCCCAGAATAGAATGACACCTA. The titers were AAV-CBA-
GFP 1x1013 g.c./ml; AAV-CBA-flAgRP 1.7x1014 g.c./ml  AAV-CBA-VWF-AgRP83-132 

3x1012 g.c./ml; AAV-CBA-αMSH4 2.7x1014 g.c./ml. To obtain titer matched AAV 
preps, preps were diluted in PBS. 
 
Animals  
All experimental procedures were approved by the Committee for Animal 
Experimentation of the University of Utrecht (Utrecht, The Netherlands). 
C57BL/6 mice were obtained from Charles River. Timed-pregnant mice were killed 
by means of cervical dislocation. The morning on which a vaginal plug was 
detected was considered embryonic day 0.5 (E0.5). 
Male Wistar rats, weight ranging from 220–250 g, were purchased from Charles 
River. All rats were individually housed in filtertop cages with ad libitum access to 
food (CRM pellets; Special Diet Services, Whitham, Essex, UK) and water. Animals 

were kept in a temperature- and humidity-controlled room (21 ± 2°C) with a 12 h 
light/dark cycle (lights on at 7:00 A.M.).  
 
Primary cortical neuron cultures 
Cerebral cortices of E16.5 mouse embryos were dissected and dissociated by 
incubation with 0.25% trypsin at 37°C for 10-15 minutes, followed by tissue 
trituration with a fire-polished Pasteur pipet in DMEM containing 10% FCS and 20 
µg/ml DNAseI. After dissociation, the medium was removed and cells were 
resuspended in Neurobasal medium containing B27 supplement. Dissociated cells 
were plated at a density of 12.000 cells per well on poly-D-Lysin- (100µg/ml; 
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Sigma, Zwijndrecht, The Netherlands) and laminin- (40 µg/ml; Invitrogen, Breda, 
The Netherlands) coated glass coverslips in 24 well plates. Neuronal cultures were 
maintained in a humidified incubator at 37°C and 5% CO2. After two days in 
culture, half of the medium was replaced with fresh maintenance medium 
(Neurobasal medium with B27). Two hours later neurons were infected with the 
different AAV vectors at multiplicity of infection 10.000 (thus 1.2 x 108 g.c. of AAV 
vector added per well). Seventy-two hours after infection neurons were washed 
twice with PBS, fixed with 4% paraformaldehyde for 30 minutes and stored in PBS 
at 4°C.  
 
Immunohistochemistry 
Fixed neurons were washed twice with PBS. After 30 minutes incubation in block-t 
(PBS containing 1% FCS and 0.1% Triton-X-100) neurons were incubated 
overnight with block-t containing rabbit anti-AgRP antibody (1:1000, a kind gift from 
G. Barsh) and mouse anti-βIII-tubulin (1:3000, Sigma) at 4°C. The next day 
neurons were washed 3 times with PBS-t (PBS containing 0.1% Triton-X-100) and 
incubated for 60 minutes with secondary antibodies (goat-anti-mouse alexa555 
(1:500) and goat-anti-rabbit alexa488 (1:500) (Invitrogen) in block buffer (PBS 
containing 1% FCS). Afterwards neurons were washed 3 times with PBS, 
incubated with DAPI (1:3000, Sigma) for 5 minutes, washed 3 times with PBS and 
mounted in 90% glycerol in PBS.      
 
In vivo AAV injections 
Six rats were anesthetized with 0.1 ml/100 g Hypnorm intramuscular (Janssen 
Pharmaceutica, Beerse, Belgium) and 0.05 ml/100 g Dormicum intraperitonal 
(Hoffman-LaRoche, Mijdrecht, The Netherlands). Rimadyl (Pfizer animal health, 
Capelle a/d Ijssel, the Netherlands) was administrated as pain medication before 
surgery and on day 1 and 2 after surgery. Subsequently, the rats were injected 
bilaterally in the paraventricular nucleus (PVN, coordinates AP -1.8, ML +1.7, DV -
8.1, angle 10 degrees) with 1 µl of AAV-CBA-GFP or AAV-CBA-VWF-AgRP83-

132.The injected volume contained 1x109 g.c. of AAV vector and was delivered at a 
rate of 0.2 µl/ minute. After the injection the needle remained in the injection site for 
10 minutes. Four weeks after injection the rats were decapitated, the brains were 
removed, quickly frozen on dry-ice and stored at -80oC until they were sectioned 
on a cryostat (Leica, The Netherlands) at 20 µm, in series of 10. Serie 1 was used 
for in situ hybridization with GFP-dig labeled mRNA probe to show the transduction 
area of the AAV vectors and serie 2 for a Nissl staining to show the overall 
morphology of the brain. Body weight and food intake data of animals with correct 
injection sites, as determined with GFP ISH, were used for behavioral analysis. 
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In situ hybridization 
In situ hybridization was performed with a 720 basepair long digoxigenin (DIG)-
labeled eGFP riboprobe (antisense to NCBI gene DQ768212) as described by 
Schaeren-Wiemers and Gerfin-Moser (244) with small modifications in the fixation 
procedure and hybridization temperature. Sections were fixed in 4% PFA for 20 
minutes and hybridization was performed at 72°C.  
 
Data analysis 
Data were analyzed with GraphPad Prism (GraphPad Software Inc., California). 
Competition curves were fitted from duplicate data points using sigmoidal dose 
response curve with variable slope.  
Body weight gain and food intake were tested with two sided t-test. 
 
Results 
VWF-AgRP83-132 and VWF-αMSH are secreted and biologically active 
To investigate if peptides produced from constructs with a VWF signal peptide 
followed by a cleavage site and a neuropeptide are secreted and are biologically 
active, we tested whether the medium of cells transfected with the VWF-AgRP83-132 
constructs was able to antagonize the MC4R. The ability of the VWF-AgRP83-132 to 
shift the NDP-MSH dose reponse curve to the right was compared to a construct 
encoding for full length AgRP, containing the normal AgRP signal peptide. 
Activation of MC4R in vitro results in an increase in cyclic adenosine 
monophosphate (cAMP)(300). In our assay upregulation of cAMP increased LacZ 
expression through a cAMP responsive element. 
Addition of NDP-MSH to MC4R and CRE-LacZ transfected cells resulted in a dose 
response curve with an EC50 value of 0.1 nM (1x10-10). Another control was the 
addition of forskolin to MC4R_Cre-LacZ transfected cells (Fig. 2A). Forskolin 
directly activates adenylyl cyclase, thereby increasing cAMP. When supernatants 
of GFP transfected cells were added together with different concentrations of NPD-
MSH to MC4R_CRE-LacZ transfected cells, the dose response curve did not alter. 
However, addition of supernatants of flAgRP or VWF-AgRP83-132 transfected cells 
shifted the NDP-MSH dose response curve to the right. The EC50 decreased to 1.4 
and 0.5 nM, respectively when 10% of the volume added was supernatant (Fig. 
2B). When 50% of the volume added to the MC4R_CRE-LacZ cells was 
supernatant from flAgRP or VWF-AgRP83-132  the NDP-MSH dose response curve 
shifted even further to the right (Fig. 2C). In order to determine the amount of 
secreted AgRP protein, supernatants were analyzed on a spot blot (data not 
shown). This blot showed that 18.2-fold less AgRP was secreted from the VWF-
AgRP83-132  transfected cells compared to flAgRP transfected cells, even though the 
transfection efficiencies were similar.  
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Figure 2 - VWF-proteins are secreted and biologically active 
A: Dose-response curve of NDP-MSH and forskolin showing their ability to stimulate 293T cells 
transfected with MC4R and cAMP sensitive reporter gene. B: similar as 2A, but in the presence of 10% 
of conditioned medium from 293T cells transfected with AAV-CBA-GFP, AAV-CBA-flAgRP or AAV-
CBA-VWF-AgRP83-132. C: similar as 2B, but with 50% of conditioned medium. D: dose-response curve of 
NDP-MSH and forskolin as positive control for MC4R and CRE-LacZ transfection. E: response curve of 
cells transfected with MC4R and CRE-LacZ incubated with different dilutions of conditioned medium. 
Medium was taken from cells transfected with AAV-CBA-GFP, AAV-CBA-MSH1 or AAV-CBA-MSH4. 
 
To check if monomeric VWF-αMSH1 and polymeric VWF-αMSH4 were able to 
activate the MC4R, different dilutions of supernatants from cells transfected with 
these constructs were added to MC4R_CRE-LacZ transfected cells. Supernatants 
of both constructs activated the MC4R, with the polymeric VWF-αMSH4 being 
more potent. The polymeric VWF-αMSH4 reached 50% of MC4R activation at a 

A 

B 

D 

C 

E 

C
ha

pt
er

 5
 



Local neuropeptide secretion 

 91 

dilution of 216 times, while VWF-αMSH1 already reached 50% activation of MC4-R 
after 10.7 times dilution. The supernatant of GFP transfected cells was not able to 
activate the MC4R (Fig 2E). 
 
Localization of flAgRP and VWF-AgRP83-132  in primary neurons. 
We compared the localization of AgRP in primary cortical neurons which were 
infected with AAV-flAgRP or AAV-VWF-AgRP83-132 to check if AAV-VWF-AgRP83-132 

entered the regulated secretion pathway. Three days after infection the primary 
cortical neurons were stained for AgRP. In addition, β-tubulin-III was used to stain 
the cytoskeleton of neurons and DAPI to identify the cell nucleus.  
 
AAV-flAgRP 

   
 
AAV-VWF-AgRP83-132 

   
Figure 3 - Fluorescent immunostaining showing the localization of flAgRP versus VWF-AgRP83-

132 
Primary cortical neurons were infected with AAV-flAgRP-ires-gfp (A) or AAV-VWF-AgRP83-132 (B) at a 
multiplicity of infection of 10.000. Seventy hours after infection neurons were fixed and immunostained 
for AgRP (green (A and B) and βIII-tubulin (red (A’ and B’)). ‘’shows overlay of the green and red signal 
(A’’ and B’’).  

 
Neurons transduced with AAV-CBA-flAgRP, which contained the endogenous 
signal peptide to target AgRP into the regulated secretory pathways, showed AgRP 
immunostaining in their cell bodies and their branches. In contrast, AAV-CBA-
VWF-AgRP83-132 transduced neurons only showed AgRP immunostaining in the cell 
bodies and almost no staining in the branches (Fig. 3). 
 
 
 
 

A: AgRP A’: βIII-tub 

B: AgRP B’: βIII-tub B’’:overlay 

A’’:overlay 
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Behavioral effects of AAV-VWF-AgRP83-132   
To further prove the functionality of AAV-VWF-AgRP83-132, this virus was also 
injected in the PVN of rats. One µl containing 1x109 genomic copies of AAV-VWF-
AgRP83-132 or AAV-GFP was injected in the PVN. In situ hybridization against GFP 
showed that the PVN was transduced (unilaterally). Overexpression of AAV-VWF- 
AgRP83-132 increased daily food intake when compared to titer matched AAV-GFP 
injected rats (p=0.049) (Fig. 4A). In addition, the AAV-VWF-AgRP83-132 rats showed 
a significant increase in body weight gain compared to AAV-GFP rats (p=0.0032) 
from day 0 until day 28 post injection (Fig. 4B). 

 
Figure 4 - In vivo effects of AAV-VWF-AgRP83-132 on energy balance 
AAV-VWF-AgRP83-132 increased food intake (A, p=0.049) and BW gain (B, p= 0.0032) compared to 
AAV-GFP. The PVN was unilateral transduced with 1µl containing 1 x 109 g.c. of AAV-VWF-AgRP83-132. 
Data at 28 days post injection. * p<0.05, ** p< 0.01 compared to AAV-GFP. 

 
Discussion 
We here successfully demonstrate a novel approach to locally overexpress a 
individual neuropeptide rather than a whole neuropeptide precursor. This was 
achieved by fusing a neuropeptide minigene to the VWF signal peptide in a rAAV 
vector. We demonstrated that the neuropeptide minigene was released from the 
cell body and did not enter the regulated secretory pathway in vitro. In addition, we 
showed that the delivery of the neuropeptide minigene, using AAV, to neurons of 
the PVN resulted in an increased food intake and body weight. This demonstrated 
that this method to deliver AgRP locally in the brain was effective. 
Previous studies have shown that specific signal peptides could route a protein to 
the regulated pathway. Fusion of GFP to NPY or insulin signal sequence was 
sufficient to route GFP to regulated secretory granules and resulted in GFP 
secretion at axon terminals (301, 302). In this study we showed that it is also 
possible to route peptides into the constitutive secretion pathway resulting in 
secretion by the cell body, through the use of the VWF signal peptide. We replaced 
the endogenous signal peptide and cleavage site for a VWF signal peptide and a 
furin cleavage site. To obtain long term expression of the neuropeptide minigenes 
we embedded these DNA constructs in an rAAV vector. During our study a paper 
was published which described a method to deliver two gene products, GFP and 
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galanin, from one rAAV vector (303). They placed a furin sequence between the 
two genes and the first gene was fused to a fibronectin secretory signal peptide to 
cause the products to be constitutively secreted. This confirmed the feasibility of 
using furin as a cleavage site.    
First we investigated if the vectors with the VWF signal peptide are secreted into 
the medium and compared this with a vector with its endogenous signal peptide.  
The MC4R_CRE-LacZ assay showed that VWF-AgRP83-132 and VWF-αMSH1 and 
VWF-αMSH4 were secreted by 293T cells into the culture medium. The secreted 
peptides were also biologically active since the medium could, respectively, inhibit 
or activate the MC4R. The medium of cells transfected with flAgRP vector, 
containing the endogenous AgRP signal peptide, also inhibited the MC4R. 
However, the inhibition by flAgRP was stronger than the inhibition caused by 
medium from VWF-AgRP83-132 transfected cells. After the MC4R assay we 
determined the amount of protein secreted in the medium of the cells. This 
revealed that there was 18.2 fold less AgRP immunoreactivity in the medium of 
VWF-AgRP83-132 transfected cells than in the medium of flAgRP. The difference in 
potency between VWF-AgRP83-132 and flAgRP to antagonize NDP-MSH, 0.5 versus 
1.4 nM respectively, is in the range which we expected, since a study by Creemers 
et. al. showed that AgRP83-132 was 6.1 fold more potent than flAgRP in inhibiting 
the MC4R (267). Thus, given the amount of peptide release (18.2 fold less 
secretion of VWF-AgRP83-132 than flAgRP) and potencies (VWF-AgRP83-132 
approximately 3 times less potent than flAgRP) our results are in agreement with 
the study by Creemers et al that VWF-AgRP83-132 is 6 times more potent than 
flAgRP.   
Medium from cells transfected with AAV-VWF-αMSH4 was more potent in 
activating MC4R_CRE-LacZ than medium from AAV-VWF-αMSH1 transfected 
cells. Medium from GFP transfected cells was not able to stimulate MC4R_CRE-
LacZ. These data are in agreement with previous data (298).  
In addition, we compared the localization of flAgRP and VWF-AgRP83-132 in primary 
neuronal cultures. These results showed that flAgRP was expressed in the cell 
body and in the projections and that VWF-AgRP83-132 was only expressed in the 
cell body and not in the projections. These results were in agreement with the 
expectation: peptides coupled to the VWF signal peptide entered the constitutive 
secretion pathway and the one coupled to the endogenous AgRP signal peptide 
entered the regulated secretion pathway in the axons.  
As a proof of principle we showed that unilateral overexpression with the VWF-
AgRP83-132 AAV vector in a target area of AgRP neurons, the PVN, increased food 
intake. This showed that the VWF-AgRP83-132 is also functional in vivo.  
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This study showed that it is possible to overexpress a single neuropeptide derived 
from a large precursor and establish long term release, local to the transduced 
area, through the use of a VWF signal peptide. 
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SUPPRESSOR OF CYTOKINE SIGNALIN (Socs) 3 
KNOCKDOWN IN THE MEDIOBASAL 

HYPOTHALAMUS: COUNTERINTUITIVE EFFECTS ON 
ENERGY BALANCE 

 
Abstract 
An increase in suppressor of cytokine signaling 3 (Socs3) has been implicated in 
the development of both leptin and insulin resistance. Furthermore, neuronal 
deletion of Socs3 has been shown to protect against diet-induced obesity. 
However, Socs3 mRNA is localized throughout the brain and it remains unclear 
which brain areas are involved in the effect of Socs3 levels on energy balance. 
Therefore, we determined the role of Socs3 expressed in the mediobasal 
hypothalamus (MBH) in the development of diet-induced obesity in adult rats. 
Socs3 mRNA was downregulated in the MBH, by local injection of adeno-
associated viral (AAV) vectors expressing a short hairpin directed against Socs3, 
after which we determined the response to a high fat high sucrose choice diet. In 
contrast to neuronal Socs3 knockout mice, rats with Socs3 knockdown limited to 
the MBH showed increased body weight gain, larger amounts of white adipose 
tissue and higher leptin concentrations at the end of the experiment. These effects 
were partly due to the decrease in locomotor activity, as 24 hour food intake was 
comparable with controls. In addition, rats with Socs3 knockdown in the MBH 
showed altered in meal patterns; an increase in average meal size in the light 
period that was accompanied by a compensatory decrease in meal frequency in 
the dark period. Finally, in situ hybridization revealed that NPY mRNA levels were 
significantly increased in the arcuate nucleus of Socs3 knockdown rats. Together 
these data suggest that knockdown of Socs3 mRNA limited to the MBH increases 
NPY mRNA levels, which subsequently decreases locomotor activity and alters 
feeding patterns. 
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Introduction 
Obesity has been associated with leptin resistance in both humans and rodents. 
Although leptin normally reduces food intake, obese humans and rodents still 
overconsume calories despite their increased leptin levels (101, 107, 108). In 
addition, after injection of exogenous leptin, obese humans and rodents do not 
respond with the decrease in food intake, that is normally observed in lean subjects 
and rodents (109, 304, 305, 306). Several mechanisms have been proposed to 
mediate this leptin resistance e.g. impaired transport of leptin over the blood-brain 
barrier, impaired leptin receptor b (LEPRb) expression and impaired LEPRb 
signaling (see review (102)). When leptin binds to the LEPRb, one of the pathways 
activated is JAK2-STAT3 cascade (111). Phosphorylated STAT3 enters the 
nucleus and serves as a transcription factor, increasing the transcription of several 
genes including Socs3. In turn, Socs3 inhibits leptin signaling through binding to 
JAK2 and phosphorylated tyrosine 985 on the LEPRb (111, 112). Thus Socs3 
appears to act as a negative feedback regulator to prevent overactivation of leptin 
signaling. It has been shown that administration of leptin increases Socs3 mRNA in 
lean animals and that Socs3 mRNA levels are elevated in hypothalami of obese 
animals (110, 113, 114, 115, 116, 117). Together this suggests that Socs3 plays 
an important role in the development of leptin resistance and obesity. 
The importance of Socs3 in leptin resistance and diet-induced obesity is supported 
by studies examining the phenotype of mice with altered Socs3 alleles. Although 
Socs3 knockout mice die at midgestation because of placenta failure (307), 
heterozygous Socs3+/- and neuronal Socs3-deficient animals are viable (119, 120). 
These studies showed that Socs3+/- and neuronal Socs3-/- mice had normal body 
weight gain on a chow-diet, but that they were more sensitive to leptin treatment 
than their wild type littermates. Moreover, Socs3+/- and neuronal Socs3-/- mice were 
resistant to diet-induced obesity when placed on a high-fat diet (119, 120).  
Although deletion of genes by homologous recombination in mice has greatly 
contributed to understand how genes affect energy balance, there are also 
limitations to what extent full deletion of a gene can teach us about the role of this 
gene in physiology. There may occur compensation for the loss of gene expression 
by redundant genes, interference by selection markers, effects due to background 
strain and development defects. Therefore, we performed complementary 
experiments to investigate the role of Socs3 levels in the mediobasal 
hypothalamus (MBH) in the susceptibility to diet-induced obesity, via adeno-
associated viral (AAV) vector-mediated knockdown of Socs3.  
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Material and Methods 
Cell lines and plasmids 
Human embryonic kidney (HEK) 293T cells were maintained at 37oC with 5% CO2 
in Dulbecco’s modified Eagles medium (DMEM) supplemented with 10% fetal calf 
serum (FCS), 2mM glutamine, 100 units/ml penicillin, 100 units/ml streptomycin 
and non-essential amino acids.  
pAAV-shCTRL (sh-c) and pAAV-shbase were a kind gift from R.J. Dileone (308). 
We used bioinformatics tools on the website of Biopredsi and Invitrogen to identify 
possible functional siRNA/shRNA sequences against Socs3 gene of the rat. We 
ordered four sets of two oligonucleotides (Stratagene) with SapI and XbaI 
overhangs (sh-1 to sh-4). These oligonucleotides were annealed and ligated into 
SapI and XbaI resticted pAAV-shbase (Fig. 1). The shRNA was driven by a mouse 
U6 promotor and after the shRNA sequence there was a terminator sequence. In 
addition, this plasmid also expressed GFP under a CMV promoter hybridized to a 
β-actin intron. The GFP gene was followed by an independent terminator 
sequence. 
The Socs3 rat cDNA was obtained through PCR with Pfu on hypothalamic rat 
cDNA with the following primers: Socs3-g-F-2: 5’ AGACACAGTCTTCAGCGGG T 
and Socs3-g-R-2: 5’ AGAGTCCGCTTGTCAATGCT. The Socs3 PCR product was 
ligated in PCR-script. Subsequently the Socs3 gene was flanked with BamHI sites 
and inserted in BamHI restricted p3xflag-renilla (p3xflag-renilla was a kind gift from 
M. Vooijs), this resulted in Socs3-renilla fusion plasmid. pcDNA4/TO-luc 
(luciferase) was a kind gift from M. van der Wetering.                        
All constructs were verified by sequencing. 
 
Luciferase assay 
HEK293T cells in 24 wells plate were transfected using polyethylenimine 
(Polysciences). Per well 5 ng pcDNA4/TO-luc, 250 ng Socs3-renilla and 812 ng 
pAAV-shRNA were transfected (molar ratio Socs3-renilla: pAAV-shRNA was 1:4). 
Three days after transfection the cells were lysed in passive lysis buffer (Promega) 
according to manufacturer’s protocol. Samples were assayed with a dual luciferase 
kit (Promega) and measured using a Viktor 96-well plate reader (PerkinElmer). All 
values were normalized to luciferase (to correct for transfection efficiencies). 
Subsequently the different pAAV-shRNA’s were normalized to pAAV-shbase, 
which contains no shRNA insert. Experiments were performed three times in 
duplicate. 
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sh-1 Top 5’TTTGTATGATGCTCCACTTTAATTCTTCCTGTCAAATTA 

AAGTGGAGCATCATACTTTTT 3’ 
sh-1 Bottom 5’CTAGAAAAAGTATGATGCTCCACTTTAATTTGACAGGA 

AGAATTAAAGTGGAGCATCATAC 3’ 
sh-2 Top 5’TTTGCTTTGACTGTGTACTCAATTCTTCCTGTCAAATTG 

AGTACACAGTCAAAGCTTTTT 3’ 
sh-2 Bottom 5’CTAGAAAAAGCTTTGACTGTGTACTCAATTTGACAGGA 

AGAATTGAGTACACAGTCAAAGC 3’ 
sh-3 Top 5’TTTGGAACCTTCCTTTGAGGTTCACTTCCTGTCATGAAC 

CTCAAAGGAAGGTTCCTTTTT 3’  
sh-3 Bottom 5’CTAGAAAAAGGAACCTTCCTTTGAGGTTCATGACAGGA 

AGTGAACCTCAAAGGAAGGTTCC 3’ 
sh-4 Top 5’TTTGCTACCCTCCAGCATCTTTGTCTTCCTGTCAACAAA 

GATGCTGGAGGGTAGCTTTTT 3’ 
sh-4 Bottom 5’CTAGAAAAAGCTACCCTCCAGCATCTTTGTTGACAGGA 

AGACAAAGATGCTGGAGGGTAGC 3’ 
Figure 1 - Constructs 
Map of the AAV vector used. The shRNAs were cloned between SapI and XbaI (A). Overview of the 
Socs3 oligonucleotides used. The bold font indicates the Socs3 sequence, with in between a miR-23 
loop (B). The oligonucleotides were extended with SapI and XbaI overhangs (Top and Bottom, 
respectively). 
 
Virus production and purification 
AAV production was performed with 15x15 cm dishes 293T cells, of 80-90% 
confluent on the day of transfection. Two hours before transfection, the 10% FCS-
DMEM was replaced with 2% FCS-DMEM. The transfections were performed with 
polyethylenimine (PEI) as described by Reed S.E. et al. (210). pAAV-sh-1, pAAV-
sh-2 or pAAV-sh-c were co-transfected with the helper plasmid pDP1 (211) 
(Plasmid factory, Germany)  in a molar ratio of 1:1. The transfection mix remained 
on the cells until the next day, and then the medium was refreshed with 2% FCS-
DMEM. AAV production and purification were essentially  performed as described 
by Zolotukhin et al. (212). Briefly, sixty hours after transfection, the cells were 
harvested in their medium, centrifuged and washed with PBS containing 5mM 
ethylenediaminetetraacetic acid (EDTA).  Finally, the cells were collected in 12 ml 
ice cold buffer (150 mM sodium chloride (NaCl), 50 mM 2-amino-(hydroxymethyl)-
1,3-propanediol (Tris), pH 8.4 ) and stored at -20oC until further use. After at least 
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three days the cells were freeze-thawed twice, incubated for 30 minutes with 
50units/ml Benzonase (Sigma, The Netherlands) at 37oC and centrifuged. After 
centrifugation, the supernatant was loaded onto an iodixanol gradient (60%, 40%, 
25%, 15%, supernatant (Optiprep, Lucron bioproducts, Belgium)) in Quick-seal 
tubes (Beckman Coulter, The Netherlands). After 1 hour of ultracentrifugation 
(70.000 rpm at 20oC) in Ti70 rotor (Beckman Coulter, The Netherlands), the 40% 
layer was extracted. This 40% layer was used for ion-exchange chromatography 
with 5ml Hitrap Q HP columns (GE Healthcare, The Netherlands). The AAV 
positive fractions, determined by PCR, were pooled and concentrated on Centricon 
Plus-20 Biomax-100 concentrator columns (Millipore, The Netherlands). The titer, 
in genomic copies per ml (g.c./ ml), was determined by qPCR with sybergreen mix 
in a LightCylcer (Roche) (213). The qPCR primers were designed to detect GFP 
and were GFP-F: 5’ CACATGAAGCAGCACGACTT and GFP-R: 5’ 
GAAGTTCACCTTGATGCCGT. The titer obtained was in the range of 6x1012 to 
2x1013 g.c./ml. 
 
Animals 
Male Wistar rats, weight ranging from 220–250 g, were purchased from Charles 
River (Crl-Wu, Germany). All rats were individually housed in filter top cages in a 
temperature- and humidity-controlled room (temperature 21 ± 2°C and humidity 55 
± 5 %) with a 12 h light/dark cycle (lights on at 7:00 A.M.). All experimental 
procedures were approved by the Committee for Animal Experimentation of the 
University of Utrecht (Utrecht, the Netherlands). From the moment of arrival the 
rats received ad libitum chow (CRM pellets (3.31 calories/gram), Special Diet 
Service, Whitham, Essex, UK) and water. Three weeks after injection of AAV-
particles into the MBH, animals were switched from chow to a high fat high sucrose 
choice (HFHS) diet. During this diet the rats had ad libitum access to a 30% 
sucrose solution (30 grams sugar in 100 ml water; 1.2 calories/gram) and saturated 
fat (Blanc de boeuf, ossewit (9 calories/gram)) in addition to their normal chow and 
water. Following viral injections rats were monitored for 50 days for effects on body 
weight, food intake, body core temperature and locomotor activity. Body weight 
gain and food intake were measured three times a week at 10.00 A.M. (on 
Monday, Wednesday and Friday). Core temperature and activity were 
automatically recorded via transmitters that sent digitized data to a nearby receiver. 
These data were recorded every 10 minutes using DSI software (DSI, St. Paul, 
MN). Food hoppers were automatically weighed using scales (Dept. Biomedical 
Engineering, UMCU, Utrecht, the Netherlands) which sent data to a computer 
every 12s. The data of day 18-20 (last week chow), 27-29 (after 1 wk of HFHS) 
and day 48-50 (after 4 weeks of HFHS) were used to analyze meal patterns. A 
meal was defined as an episode of food intake with a minimal consumption of 0.3 g 
of chow or 0.1 g of lard and an intermeal interval of 5 minutes. 
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Surgical procedures                       
After 1½ week of acclimatization surgery was performed under fentanyl/fluanisone 
(Hypnorm®, Janssen Pharmaceutica, Beerse, Belgium, 0.1 ml/100 g 
intramuscular) and midazolam (Dormicum®, Roche, Woerden, The Netherlands, 
0.05 ml/100 g intraperitonal) anesthesia. Carprofen (Rimadyl®, Pfizer Animal 
Health, Capelle a/d Ijssel, The Netherlands, 0.01 ml/100 g s.c.) was administered 
as pain medication, before surgery and for 2 days after. During surgery the rats 
received an abdominal transmitter (TA10TA-F40; Data Science International, St. 
Paul, MN), to measure temperature and activity. This was immediately followed by 
a bilateral injection (AAV-sh-1, AAV-sh-2 or AAV-sh-c, n=16 per group) at the 
border of the arcuate nucleus (ARC) and ventromedial hypothalamic nucleus 
(VMH) (coordinates anterior posterior (AP) -2.6 mm from bregma; mediolateral 
(ML) ±1.2 mm from bregma; dorsoventral (DV) -9.9 mm below the skull; with  angle 
of 5 degrees. Per site 1 µl of virus containing 6 x 109 g.c. of AAV-shRNA was 
injected at a rate of 0.2 µl/ minute. Following the injection needles remained in 
place for 10 minutes before removal.  

Collection of blood and tissues 
On day 51 chow, fat and sucrose were removed at 7.00 A.M... In the afternoon the 
rats were decapitated, the brains were immediately removed, quickly frozen on dry 
ice and stored at -80°C. Trunk blood was collected in heparinized tubes containing 
83µmol EDTA and 1 mg aprotinin and immediately placed on ice. After 
centrifugation blood plasma was stored at -20°C until further additional analysis. 
Retroperitoneal, epididymal, mesenteric and subcutaneous white adipose tissue, 
thymus and adrenals were isolated and weighed.  
 
DIG in situ hybridization 
To verify injection sites, brains were sectioned on a cryostat at 20 µm thickness in 
series of 10. One serie was used for in situ hybridization (ISH) with a 720 basepair 
long digoxigenin (DIG)-labeled eGFP riboprobe (antisense to NCBI gene 
DQ768212). The ISH  was performed as described by Schaeren-Wiemers and 
Gerfin-Moser (244) with small modifications in the fixation procedure and 
hybridization temperature. Briefly, sections were fixed in 4% PFA for 20 minutes 
and washed in PBS. After acetylation for 10 minutes (0.25% acetic anhydride in 0.1 
M triethanolamine), sections were washed in PBS and prehybridized at RT in 
hybridization solution, containing 50% deionized formamide, 5xSSC, 5xDenhardt’s 
solution, 250 µg/ml tRNA Baker’s yeast and 500 µg/ml sonificated salmon sperm 
DNA. After 2 hours, 150µl of hybridization mixture containing 400 ng/ml DIG-
labeled riboprobe was applied per slide, slides were covered with Nescofilm and 
hybridized overnight at 72°C. The next morning, slides were quickly washed in 
2xSSC followed by 0.2xSSC for 2 hours. Both wash steps were performed at 72°C. 
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DIG was detected with an alkaline phosphatase labeled antibody (1:5000, Roche, 
Mannheim) using nitroblue tetrazolium and bromochloroindolylphosphate 
(NBT/BCIP) as a substrate. After overnight incubation at RT with NBT/BCIP 
mixture, sections were quickly dehydrated in ethanol, cleared in xylene and 
mounted using Entellan.  
 
Radioactive in situ hybridization 
Adjacent cryostat brain sections were used for radioactive ISH with 33P-labeled 
antisense RNA probes for agouti-related peptide (AgRP, 396-bp mouse AgRP 
cDNA (256)), neuropeptide Y (NPY, 287-bp rat NPY cDNA), pro-opiomelanocortin 
(POMC, 350-bp rat POMC cDNA fragment (256)), suppressor of cytokine signaling 
3 (Socs3, 1200-bp Socs3 cDNA in PCR-script described above in cell lines and 
plasmids). The procedure for radioactive ISH and analysis has been described 
previously (257).  
 
Plasma analysis 
Plasma leptin and insulin were measured in duplicate using rat radioimmunoassay 
kits (Millipore, Billerica, MA, USA). Plasma glucose was analyzed in triplicate using 
a glucose/GOD- perid method (Boehringer Mannheim, Mannheim, Germany). 
 
Statistical analysis  
Data are presented as group means ± SEM. All tissues weights are expressed as 
percentage of total body weight. Differences in body weight and food intake were 
assessed using repeated measure analysis with post-hoc Bonferroni tests to 
correct for multiple comparisons. Additional statistical analysis was performed 
using two-sided t tests. Differences were considered significant at p < 0.05.  
 
Results 
Knockdown efficiency of Socs3 shRNA’s in vitro 
To determine the efficiency of the different shRNA against Socs3 in vitro, we fused 
genes encoding renilla and Socs3 and performed renilla-luciferase assays. Socs3-
renilla was co-transfected in a 1:4 molar ratio with the different pAAV-shRNA 
constructs against Socs3 (sh-1 to sh-4), an AAV plasmid with control shRNA (sh-c) 
and an AAV plasmid without a shRNA insert (empty). In addition, a luciferase 
construct was co-transfected to correct for the transfection efficiencies. The renilla-
luciferase assays showed that sh-1 resulted in the lowest levels of Socs3-renilla, 
thus the highest level of knockdown, namely 81% (Fig. 2A). Sh-2 was the second 
best with 74% knockdown and sh-4 resulted in 68% knockdown. However, sh-3 did 
not result in any knockdown of the Socs3-renilla construct. As expected, sh-c did 
not reduce Socs3-renilla expression.  
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Figure 2 - Knockdown of Socs3 in vitro and in vivo 
Graphical representation showing the in vitro knock down of Socs3-renilla construct by pAAV-sh-1 to 
sh-4 and sh-c relative to pAAV without an shRNA insert (empty) (A). In vivo knockdown of Socs3 in the 
Arc by AAV-sh-1 (relative to AAV-sh-c) (B). *** p<0.0001 compared to empty vector (A) or sh-c (B). 

 
Localization of AAV-shRNA injections and knockdown in vivo  
Based on the renilla-luciferase assay we decided to use AAV-sh-1 and AAV-sh-2 
to knockdown Socs3 mRNA in the rat MBH in vivo, using AAV-sh-c as a control. 
Each group consisted of 15 to 16 rats. At the end of the experiment we performed 
dig-labeled GFP ISH to determine the injection site in each rat (GFP was a marker 
in each AAV-shRNA vector). The MBH was considered to be transduced if GFP 
signal was observed bilaterally in the arcuate nucleus (ARC) or ARC and the 
ventromedial hypothalamus (VMH) (AP between -2.1 and -3.6 mm; ML between 0 
and 1 mm from Bregma). Four out of 16 rats that received AAV-sh-1 were 
bilaterally transduced in the MBH and 5 rats were transduced unilaterally. The 
MBH was missed on both sides in 5 rats (GFP signal too far lateral) and in 2 rats 
no GFP signal could be detected anywhere. In the AAV-sh-2 group none of the 15 
rats were transduced bilaterally, but 7 rats were transduced unilaterally. In 5 rats 
the MBH was not hit and in 3 rats no GFP signal could be detected at all. In the 
AAV-sh-c group, correct bilaterally placed injections were observed in 3 out of 16 
and unilateral injections in 9 rats. In 2 rats the GFP signal was observed lateral to 
the MBH and in 2 rats no GFP signal could be detected. In all rats with GFP 
expression, we noticed that AAV-shRNA did not transduce all cells at the site of 
injection.  
For analysis all controls (rats injected with AAV-sh-c vector) were pooled together, 
excluding one rat, which had hydronephrosis. In addition, only rats with bilateral 
AAV-sh-1 rat transduction of the MBH were analyzed.  
To quantify the knockdown of Socs3 mRNA by AAV-sh-1 in vivo, we performed a 
radioactive ISH with a 33P-labeled Socs3 RNA probe. For each rat coronal sections 
throughout the ARC (200µm apart) were analyzed. Knockdown of Socs3 mRNA in 
the ARC was 59% ± 4% with AAV-sh-1 compared to Socs3 mRNA in controls (Fig. 
2B).  
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Effect of Socs3 knockdown on body weight 
After injection of the AAV-shRNA, rats received ad libitum access to chow and 
water for the first 3 weeks (day 0 to 21 post injection (p.i.)). Subsequently, rats 
were switched to a high fat high sucrose choice (HFHS) diet for 4 weeks (day 22 to 
50 p.i.) to determine sensitivity to diet-induced obesity. During these 4 weeks the 
rats had ad libitum access to chow, water, a 30% sucrose solution and saturated 
fat. Surprisingly, bilateral knockdown of Socs3 mRNA in the MBH increased body 
weight gain significantly compared to AAV-sh-c from day 38 onwards (Fig. 3A). 
Unilateral Socs3 knockdown in the MBH or other regions (missed injections) by 
AAV-sh-1 did not affect body weight gain significantly when compared to AAV-sh-c 
during the experiment (Fig. 3B). 
 

    
Figure 3 - Effect of Socs3 knockdown on cumulative body weight gain 
Body weight gain of bilaterally transduced sh-1 rats was increased compared to sh-c rats (A). In 
contrast, rats with unilateral or more lateral expression of sh-1 did not differ in body weight from sh-c 
(B). * p<0.05 compared to sh-c. 

 
Effects of Socs3 knockdown on food intake 
In the bilateral AAV-sh-1 group, total caloric intake during the experiment was not 
significantly increased, except for the first measuring point on HFHS diet (day 24 
p.i) (Fig. 4A). Furthermore, there were no apparent differences in choice of food 
between AAV-sh-1 and AAV-sh-c rats exposed to the HFHS diet . Chow, fat, 
sucrose and water intake were not significantly different between the groups (Fig. 
4B-E).  
To investigate whether knockdown of Socs3 mRNA in the MBH affects feeding 
behavior independently of total food intake, we analyzed meal patterns at 3 
different time points: after 3 weeks of chow diet (day 18-20 p.i.), after 1 week of 
HFHS (day 27-29 p.i.) and after 4 weeks of HFHS diet (day 48-50 p.i). On day 18-
20 p.i. the AAV-sh-1 rats ate significantly more chow than AAV-sh-c rats in the light 
phase (Table 1). This was due to a significant increase in average meal size. After 
1 and 4 weeks of HFHS diet the AAV-sh-1 rats did not significantly differ in 24h 
chow or lard intake compared to controls; however, the increased meal size 
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remained after 1 week on HFHS diet, but did not reach significance after 4 weeks 
on HFHS diet compared to AAV-sh-c (Table 1).  

 
Figure 4 - Effects of Socs3 knockdown on food and water intake 
Rats received chow and water for the first 21 days. Subsequently, saturated fat and a sucrose solution 
were added to the diet. Total caloric intake (A) was calculated by adding calories derived from chow 
(B), fat (C) and sucrose (E) intake. Water intake (D) did not add any caloric value. * p< 0.05 compared 
to sh-c. 
 
Normally, rats do not eat much during the light period and eat most of their food in 
the dark period. To investigate if this circadian pattern was affected by MBH Socs3 
mRNA knockdown, we performed an additional analysis for both the light and dark 
period separately. On day 18-20 AAV-sh-1 rats ate significantly more calories in 
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the light period, while in the dark period food intake was similar to the AAV-sh-c 
rats (Table 2).  
 
         Table 1- Effects of MBH Socs3 knockdown on average 24h food intake, meal size and   
         frequency in grams 

 sh-c sh-1 
Day 18-20 (3rd wk chow)  
  Chow   
    total intake 20.0 ± 0.50      25.9 ± 0.038*** 
    av. size 1.43 ± 0.11  2.00 ± 0.09* 
    av. frequency  14.3 ± 0.92 13.0 ± 0.76 
   
Day 27-29 (1st wk HFHS)  
  Chow   
    total intake 14.1 ± 0.80 13.2 ± 2.42 
    av. size 1.29 ± 0.08   1.67 ± 0.05* 
    av. frequency  11.2 ± 0.88    8.0 ± 1.76 
  Lard   
    total intake  3.5 ± 0.78   4.9 ± 1.18 
    av. size 0.56 ± 0.10   1.37 ± 0.49* 
    av. frequency   5.9 ± 0.96    4.2 ± 0.88 
   
Day 48-50 (4th wk HFHS)  
  Chow   
    total intake 13.4 ± 0.79 10.1 ± 2.01 
    av. size 1.31 ± 0.06  1.48 ± 0.11 
    av. frequency  10.4 ± 0.84   7.0 ± 1.53 
  Lard   
    total intake  3.0 ± 0.46  3.5 ± 0.54 
    av. size 0.65 ± 0.10 1.24 ± 0.51 
    av. frequency    4.7 ± 0.17  3.5 ± 0.87 

         *p < 0.05, ***p < 0.001 compared to sh-c 
 
This increase in caloric intake in the light period was also observed on day 27-29 
and 48-50. However, on these days, AAV-sh-1 rats compensated by significantly 
decreasing their caloric intake in the dark period. AAV-sh-1 rats ate approximately 
the same amount of calories in the light period as in the dark period, while AAV-sh-
c showed a normal feeding rhythm, with higher caloric intake in the dark period 
than in the light period (Table 2).  
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           Table 2 – Effects of MBH Socs3 knockdown on caloric intake in light and dark phase  

 sh-c sh-1 
Day 18-20   
    Light 13.8 ± 1.49    33.4 ± 0.96*** 
    Dark 52.3 ± 1.16 52.3 ± 1.72 
Day 27-29   
    Light 21.1 ± 4.87   47.6 ± 7.60* 
    Dark 61.1 ± 3.45    39.9 ± 3.99** 
Day 48-50   
    Light 12.9 ± 1.23     34.4 ± 2.99*** 
    Dark 57.2 ± 2.24     31.2 ± 2.96*** 

         *p < 0.05, **p < 0.01,  ***p < 0.001 compared to sh-c 
 
The increase in caloric intake of AAV-sh-1 in rats in the light period of day 18-20 
was due to a significant increase in both meal size and frequency, while there were 
no significant effects in the dark period (Fig. 5 A, D). On day 27-29 and 48-50 the 
average frequency of chow meals was significantly decreased in the dark period in 
AAV-sh-1 rats, while in the light period the average size of chow meals was 
significantly increased compared to AAV-sh-c rats (Fig. 5 B, C, E, F). In addition, 
the average size of fat meals was significantly larger in the light phase of the first 
week of exposure to the HFHS diet (day 27-29), however this effect did not reach 
significance when measured at day 48-50 (Fig. 5 G, H, I, J).  
 
                Table 3 – Effects of MBH Socs3 knockdown on locomotor activity and body 
                    core temperature 

  sh-c sh-1 
Activity (a.u.)    
   Day 18-20 Light 89.6 ± 9.2 93.2 ± 8.7 
 Dark 325.1 ± 39.2 218.4 ± 57.6 
   Day 27-29 Light 174.8 ± 34.7 132.9 ± 17.5 
 Dark 523.3 ± 40.9   290.1 ± 60.4* 
   Day 48-50 Light 150.3 ± 15.5 150.5 ± 21.5 
 Dark 463.7 ± 38.2   289.0 ± 66.8* 
    
Body temperature (°C)  
   Day 18-20 Light 37.07 ± 0.05 37.19 ± 0.04 
 Dark 37.72 ± 0.06 37.53 ± 0.06 
   Day 27-29 Light 37.17 ± 0.03 37.28 ± 0.03 
 Dark 37.73 ± 0.06 37.50 ± 0.02 
   Day 48-50 Light 37.15 ± 0.04 37.12 ± 0.03 
 Dark 37.60 ± 0.05 37.34 ± 0.03* 

   * p < 0.05 compared to sh-c 
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Figure 5 - Effect of Socs3 knockdown on meal patterns 
Average size of chow meals in light and dark period on day 18-10 (A), 27-29 (B) and day 48-50 (C). and 
average meal frequency for these days (D-F). Average size and frequency of fat meals in light and dark 
period on day 27-29 (G, I) or 48-50 (H, J). * p< 0.05, ** p<0.01, *** p< 0.001 compared to sh-c. 
 
Effects of Socs3 knockdown on locomotor activity and body temperature 
Knockdown of Socs3 mRNA in the MBH did not significantly alter locomotor activity 
and body core temperature during the third week (day 18-20 p.i.) on chow (Table 
3). However, after 1 (day 27-29 p.i.) and 4 weeks (day 48-50 p.i.) on HFHS diet, 
locomotor activity in the dark period was reduced in AAV-sh-1 rats compared to 
control rats. This decrease in locomotor activity was accompanied by a trend 
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towards lower body core temperature in the dark period in week 1 of the HFHS diet 
and a significant decrease in temperature in week 4 of the HFHS diet (Table 3).  
 
Effects of Socs3 knockdown on endocrine parameters and body composition 
The increase in body weight gain due to knockdown of Socs3 mRNA in the MBH 
was accompanied by a significant increase in subcutaneous and abdominal white 
adipose tissue in AAV-sh-1 rats compared to AAV-sh-c rats (Table 4). AAV-sh-1 
rats also showed significantly elevated plasma leptin concentrations and a trend to 
increased plasma concentrations of insulin and glucose (Table 4). Furthermore, 
thymus and adrenal weights did not differ between AAV-sh-1 and AAV-sh-c rats, 
suggesting that the obesity due to knockdown of Socs3 mRNA in the MBH was not 
due to activation of the HPA-axis. 
 
   Table 4 – Effects of Socs3 knockdown on body composition and endocrine 
    parameters 

 sh-c sh-1 
Leptin (ng/ml) 15.75 ± 1.69   32.79 ± 5.64*** 
Insulin (ng/ml)    3.63 ± 0.38 4.73 ± 1.10 
Glucose (mmol/l)     7.71 ± 0.30 8.57 ± 0.09 
SWAT (%bw)     1.34 ± 0.05      2.15 ± 0.17*** 
AWAT (%bw)     3.81 ± 0.18      5.30 ± 0.14*** 
Adrenals (‰bw)       0.11 ± 0.007   0.09 ± 0.005 
Thymus (‰bw)      1.14 ± 0.06 0.97 ± 0.18 

    ***p < 0.001 compared to sh-c 

 
Effect of Socs3 knockdown on AgRP, NPY and POMC mRNA in the ARC 
Since leptin signaling is implicated in regulating the levels of transcription of genes 
encoding AgRP, NPY and POMC, we investigated if knockdown of Socs3 mRNA in 
the MBH had any effects on mRNA expression levels of these neuropeptides. 
Radioactive ISH showed that AAV-sh-1 rats had significantly increased levels of 
NPY in the ARC compared to AAV-sh-c (Fig. 6 A). mRNA levels of AgRP and 
POMC were comparable between AAV-sh-c and AAV-sh-1 rats.  
 
Effects of unilateral Socs3 knockdown 
In unilaterally transduced AAV-sh-1 rats we compared NPY mRNA levels between 
the side of the ARC that showed knockdown of Socs3 mRNA to the side that did 
not.   
This revealed an upregulation of NPY levels on the side where Socs3 mRNA was 
down-regulated (Fig. 6 B, C). The Socs3 mRNA was down-regulated on the side 
were GFP was expressed (data not shown). Rats with unilateral expression of 
AAV-sh-1 or AAV-sh-2 in the MBH showed a significant up-regulation of NPY 
mRNA (39%±12.2) compared to controls (p=0.0194) on the side of transduction. 
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Figure 6 - Effect of Socs3 knock down on mRNA expression levels in the arcuate nucleus 
mRNA expression levels of AgRP, NPY and POMC in the ARC of sh-c and sh-1 rats (A). For each 
mRNA the sh-c values were set to 100% and the sh-1 values were correlated to this. Socs3 mRNA 
expression in a unilaterally transduced rat (B) shows that the Socs3 signal on the right side is lower 
than the left side. NPY mRNA (C) on an adjacent section of the same rat shows that the NPY signal is 
higher on the right side than on the left side. ***p < 0.001 compared to sh-c. 

 
Since bilateral Socs3 mRNA knockdown clearly affected SWAT, leptin 
concentrations and locomotor activity, we also examined these parameters in rats 
with unilateral Socs3 mRNA knockdown in the MBH. This revealed an increase in 
% SWAT and leptin concentrations, while locomotor activity was decreased 
compared to controls. Interestingly, the values of these parameters in  unilaterally 
transduced rats were in between those of bilaterally transduced AAV-sh-1 and 
control rats (Table 5).  
 
Discussion 
In contrast to the current hypothesis that Socs3 levels are correlated with the 
susceptibility to diet-induced weight gain, we here show that knockdown of Socs3 
mRNA limited to the MBH increased body weight, fat mass and leptin levels. This 
was at least partly due to a decrease in locomotor activity during the dark period in 
MBH Socs3 knockdown rats compared to control rats. Moreover, MBH Socs3 
knockdown increased meal size in the light phase throughout the experiment, but 
only transiently increased total daily food intake. Interestingly, NPY mRNA levels in 

B: SOCS3 mRNA C: NPY mRNA 
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the ARC were increased significantly in rats which received the Socs3 shRNA in 
the MBH compared to control rats.  
 
Table 5 – Effects of unilateral Socs3 knockdown in the MBH with two shRNAs 

  sh-c sh-1 unilateral sh-2 unilateral 
Leptin (ng/ml)  15.75 ± 1.69 22.19 ± 3.02** 26.51 ± 4.75*** 
SWAT (% bw)     1.34 ± 0.05      1.63 ± 0.08***    1.83 ± 0.20*** 
     
Activity (a.u.)     
  Day 18-20 Light 89.6 ± 9.2   78.8 ± 12.9  80.1 ± 10.7 
 Dark 325.1 ± 39.2 270.7 ± 59.8  218.1 ± 61.8* 
  Day 27-29 Light 174.8 ± 34.7 142.0 ± 25.3       130.9 ± 17.1 
 Dark 523.3 ± 40.9       360.4 ± 35.5***      362.9 ± 63.8*** 
  Day 48-50 Light 150.3 ± 15.5     96.2 ± 17.8 131.3 ± 19.3 
 Dark 463.7 ± 38.2       304.2 ± 63.4***      304.0 ± 46.5*** 

*p <0.05, **p < 0.01, ***p < 0.001 compared to sh-c 
 
The results obtained in this study are in contrast with previous Socs3 deletion 
studies in the mouse brain (120, 309, 310). In these studies, neuronal Socs3 
deletion prevented diet-induced obesity (120). However, Socs3 specifically deleted 
in POMC neurons or in SF-1 neurons had only modest effects on body weight 
upon exposure to a high fat diet, although glucose homeostasis did markedly 
improve. When Socs3 was deleted in POMC neurons, these effects were due to 
increased energy expenditure without any change in food intake (310). Conversely, 
when Socs3 was deleted in SF-1 neurons, a decrease in food intake was observed 
combined with decreased energy expenditure (309). In the present study, 
knockdown of Socs3 mRNA in the MBH resulted in an unexpected increase in 
body weight and fat mass, accompanied by a decrease in locomotor activity. There 
are several possible explanations for the differences with the previous studies. 
Firstly, we knocked down Socs3 in the MBH of adult rats that had normal Socs3 
expression during development. In contrast, neuronal Socs3 knockout mice lack 
Socs3 mRNA in (specific) neurons throughout development and we can therefore 
not exclude that developmental compensation may have occurred in these mice. 
Secondly, our viral vector did not transduce all neurons in the MBH allowing some 
neurons to continue expressing normal levels of Socs3 mRNA. Nevertheless, at 
least part of the cells transduced in our experiment, were likely to be AgRP/NPY 
neurons that increased their NPY expression due to the decrease in Socs3 mRNA.  
Finally, Socs3 mRNA levels were only reduced partially, whereas Socs3 is 
completely absent in knockout mice.  
 
The marked increase in NPY mRNA levels (+ 93.4%) that we observed in the ARC 
of MBH Socs3 mRNA knockdown rats in is line with several in vitro studies (311, 
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312). These have shown that, in the absence of Socs3, leptin activates the NPY 
promoter via STAT3. However, if Socs3 is present in cells, leptin suppresses NPY 
transcription (312). In addition, Socs3 also decreases basal NPY transcription. 
Taken together this suggests that Socs3 may act as a negative regulator of NPY 
transcription (312). In our experiment, Socs3 levels in the MBH were decreased by 
viral mediated knockdown, similar to the in vitro experiment by Higuchi et al., 
allowing leptin to stimulate NPY transcription by STAT3 binding to its promoter and 
simultaneously reducing Socs3-mediated suppression of basal NPY transcription. 
Thus, in cells with reduced levels of Socs3 mRNA, leptin could no longer inhibit 
NPY expression and leptin could even increase NPY expression and this may 
contribute to the development of obesity.  
 
The increased levels of NPY mRNA that we observed may explain the unexpected 
effects on body weight, food intake, fat mass and locomotor activity after Socs3 
knockdown in the MBH. Viral vector-mediated NPY overexpression in several 
hypothalamic regions results in increased food intake, especially in the light period, 
increased body weight and decreased locomotor activity in the dark period (201, 
255). In addition, acute intracerebroventricular (ICV) injections with NPY increase 
food intake and when NPY is infused for longer periods it also reduces energy 
expenditure (313, 314, 315, 316). In rats with MBH Socs3 knockdown we observed 
an increase in chow intake in the light period of day 18-20. This increase in food 
intake may be due to the increased NPY levels in the ARC at this time. Once the 
rats were switched to the HFHS diet, hyperphagia was no longer observed, which 
may be due to counter-regulatory mechanisms. Similarly, overexpression of NPY in 
the PVN (a target area for NPY neurons located in the ARC) was reported to only 
temporarily increase food intake due to compensatory mechanisms (199, 255). The 
reduced locomotor activity that we observed in the dark period of day 27-29 and 
48-50 is also in agreement with both NPY overexpression studies and ICV 
administration studies that show a long term decrease in locomotor activity (255, 
317, 318). Because we expected that rats with unilateral knockdown of Socs3 in 
the MBH would show similar features as those with bilateral knockdown we also 
examined the effects on locomotor activity, fat mass and leptin concentration in 
these rats. Despite the fact that rats with unilateral knockdown of Socs3 in the 
MBH did not show increased total body weight gain, these rats did show reduced 
locomotor activity, increased fat mass and leptin concentrations compared to 
controls. This underscores the role of MBH Socs3 in regulating locomotor activity, 
body composition and endocrine parameters. 
 
Although knockdown of Socs3 mRNA in the MBH did not clearly affect total food 
intake, it persistently altered meal patterns. Meal size in the light period was 
increased in rats with MBH Socs3 knockdown, while there were no effects on the 
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number of meals. On the HFHS diet, rats with MBH Socs3 knockdown appeared to 
compensate for the increase in meal size during the light phase by decreasing the 
number of meals in the dark period. An increase in meal size and decrease in 
frequency was also observed in diet-induced obese rats when they are placed on a 
HF diet (319). Similarly, meal size has been reported to increase when rats are 
placed on a cafeteria-style diet. The first weeks on cafeteria diet the meal 
frequency is also increased, but after several weeks frequency returns to levels 
even slightly below the frequency of chow fed rats (320). Taken together, this 
suggests that in rats on a chow diet, knockdown of Socs3 in the MBH seems to 
simulate some of the effects of a high fat diet on meal patterns. Furthermore, when 
placed on HFHS diet, susceptibility to the alterations that normally accompany 
high-fat feeding seems to increase. However the compensatory decrease in meal 
frequency, that normally accompanies increased meal size in DIO rats, only occurs 
in the dark phase, but not in the light phase.  
 
In conclusion, knockdown of Socs3 mRNA in the mediobasal hypothalamus 
increased NPY levels in the ARC and this most likely explains the effects observed 
on energy balance, such as the decreased locomotor activity, the small increase in 
food intake on chow and the alterations in meal patterns. These results described 
here, underscore what was observed in vitro by Higuchi et al.(312), namely that 
regulation of gene expression by STAT3 and Socs3 depends on an intricate 
balance of signal transduction molecules that together modulate transcriptional 
activity of genes such as NPY. 
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GENERAL DISCUSSION AND SUMMARY 
 

Viral vectors: tools for gene transfer 
Viral vectors are great tools to alter gene expression locally or systemically to 
investigate gene function. In addition, they can be used as therapeutic gene 
delivery vehicles for various diseases (321). As described in chapter 1, different 
viral vectors all have their own advantages and disadvantages e.g. limited 
packaging size, neutralization by host immune responses or poor transduction 
efficiencies of therapeutic cells. Depending on the aim of the study specific viral 
vectors can be chosen to mediate gene transfer. 
 
Local gene transfer: AAV versus LV in rat brain 
To investigate the role of a gene in a tissue, viral vectors can be injected in this 
specific tissue to overexpress or silence gene expression. Local gene transfer has 
several advantages: first, the viral vectors can be injected at any moment during 
life, which may reduce developmental compensation; second, the vectors can be 
injected in other species than rodents; third, several vectors can be used to affect 
different genes simultaneously or one vector can carry different genes (303, 322). 
When the tissue of interest contains non-dividing cells, integrating and non-
integrating vectors can be used, because the transduced cells are not replaced. To 
reduce the risk of insertional mutagenesis induced by lentiviral (LV) vectors, non-
integrative LV vectors may be used (323, 324). In chapter 2, the efficiency of LV 
and AAV vectors to transduce the rat lateral hypothalamus (LH) or amygdala (AM) 
were compared. This study showed that an AAV vector was more efficient in 
transducing the LH or AM of the rat brain. The difference in transduction efficiency 
may be due to the use of different cell entry receptors or uncoating routes. 
Therefore pseudotyping of AAV or LV with other capsids or envelops may improve 
the transduction efficiency. 
There appears to be a threshold to achieve consistent transgene expression from 
viral vectors in the rat brain. For AAV vectors the minimum amount to be injected 
appears to be 5x107 genomic particles (230), for LV vectors the minimal threshold 
is 1x104 transducing units (325). In chapter 2 the injected amounts of AAV and LV 
vectors were higher than the minimal amounts. In addition, AAV production yields 
much higher titers than LV production; thus the number of injected AAV particles 
can be increased much further than those of LV to increase the number of 
transduced cells.  
Chapter 2 indicated that AAV vectors are more feasible tools to transduce the rat 
hypothalamus than LV vectors, therefore the transduction patterns of AAV were 
further investigated in chapter 3. The study in chapter 3 revealed that an AAV 
vector pseudotyped with AAV1 capsid was significantly more efficient than the one 
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encapsidated with the “golden standard”, an AAV2 capsid. In addition, transduction 
efficiencies after pseudotyping with AAV8 or mosaic capsids 1/2 or 2/8 were 
comparable to the AAV2 coated vector. This difference between AAV1 and the 
other serotypes may be due to the use of different entry receptors. In addition, 
expression of the transgene depends on the uncoating rate. If a virion is uncoated 
slowly, antigenic epitopes may be presented long enough to be recognized by T 
cells (40, 326, 327, 328). However, the uncoating rate of AAV1 is still unknown, but 
may be different from AAV2 encapsidated vectors. Transgene expression may be 
reduced by proteasomal degradation of AAV vectors (329, 330, 331). All these 
properties contribute to the fact that an AAV serotype which efficiently transduces a 
specific brain area is not necessarily efficient in other brain areas (62, 65, 66, 231, 
332). In addition, the transduction efficiency of one serotype in a specific brain area 
may be different at different ages, e.g. neonate versus adult (216, 333) or species 
(chapter 2).  
 
An important barrier to efficient transduction with AAV vector is the conversion of 
single stranded DNA into double stranded DNA, this conversion is necessary for 
transgene expression (258, 259). One solution to circumvent this conversion is the 
use of self-complementary/double stranded AAV vectors (334, 335). These AAV 
vectors mediate 10 to 100 fold higher levels of transgene expression, but they can 
only package 2.4 kb (334, 335, 336, 337). The packaging limitations may be 
addressed by splitting the expression cassette across two vectors, when both 
vectors are in the same cell, concatamerization can occur and the whole cassette 
is expressed (338, 339, 340, 341). In the future double stranded AAV vectors may 
be used to improve transduction efficiencies and increase transgene expression 
when this is necessary. 
 
In this thesis we did not test all available serotypes, thus it would be interesting to 
study if other serotypes are even better in transduction of the hypothalamus. In 
addition, when the appropriate markers are available it would be fascinating to 
determine if different serotypes transduce specific neuronal populations.  
 
Regulation of transgene expression 
Viral vector mediated gene transfer in this thesis was performed with constructs 
which contained constitutive promoters, namely CBA, CMV and U6, to drive 
transgene expression. In the future more specific expression may be established 
by the use of cell type-specific and/or inducible promoters. However, the packaging 
capacity of the viral vectors has to be kept mind; AAV vectors can only package up 
to 5.7 kb (342), whereas LV vectors can package 8-10 kb (343) without a dramatic 
decrease in vector titers. Table 1 shows an overview of some (tissue) specific 
promoters which may be used to establish more specific gene expression. Most of 
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these promoters have been shown to establish specific expression. However, an 
AAV vector with a GFAP promoter driven transgene was reported to show 
transgene expression mainly in neurons in stead of in astrocytes, after injections in 
hippocampus and striatum and spinal cord (342, 344). This is in contrast with the 
specific expression in astrocytes in transgenic mice or AAV-GFAP-EAAT2 
expression in rat hippocampal slice culture (345, 346). The more generalized 
expression of GFAP in neurons may be due to transcriptional activity in the 
terminal repeats of AAV (347). 
 
     Table 1 - examples of commonly used cell type-specific promoters 

Promoters Size References 

Neuron specific 
Neuron specific enolase (NSE) 
Human synapsin (hSYN) 
Rat tubulin α1 (Ta1) 
Glial specific 
astrocytes 
Glial fibrillary acidic protein (GFAP) 
oligodendrocytes 
Myelin basic protein (MBP) 
Brain nucleus specific 
Single minded 1 (SIM1; PVN neurons) 
Steroidogenic factor 1 (SF-1; VMH neurons) 
POMC (POMC neurons in ARC) 
AgRP (AgRP neurons in ARC) 

 
1.8 kb 
0.48 kb 
1.1 kb 
 
 
0.6-2.2 kb 
 
1.9 kb 
 
0.67 kb 
0.85 kb 
0.38-0.39 kb 
0.48 kb 

 
(342, 348, 349) 
(348, 350) 
(348, 351) 
 
 
(345, 352) 
 
(353) 
 
(354, 355) 
(356) 
(357) 
(227, 358) 

 
ShRNA mediated knockdown of a gene is often regulated by ubiquitous RNA 
polymerase III promoters, such as. U6 or H1. However, by using microRNA-based 
hairpins tissue specific RNA polymerase II promoters can be used, like synapsin or 
AgRP promoters, to increase tissue specificity (359). In addition, microRNA-based 
hairpins may have increased efficiency and reduced toxicity due to shRNA 
dependent saturation of the endogenous microRNA pathway (360, 361, 362, 363). 
Thus to obtain more specific and efficient knockdown microRNA-ased hairpins may 
be used in the future. 
An overexpression transgene and microRNA-based hairpin can be located on one 
construct to autoregulate overexpression of a specific gene. Recently, such an 
approach was used by Cao et al. (227). Continuous overexpression of BDNF led to 
starvation and was accompanied by upregulation of AgRP mRNA in vivo. The 
starvation could be prevented by inserting a microRNA targeting BDNF under 
transcriptional control of AgRP promoter in the same contruct; as a result the 
BDNF overexpression was downregulated, when AgRP was upregulated by 
starvation. Thus BDNF overexpression lowered body weight temporarily until 
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overexpression was reduced by microRNA expression; thereby a new, lower body 
weight set point was achieved.  
In some studies time specific expression may be preferred. Time specific 
expression may be achieved with the tetracycline-regulatable systems with dual 
AAV vectors or a single autoregulatory AAV vector (reviewed in (364, 365)).  
Thus in the future more specific and/or regulatable gene expression can be used to 
identify the role of a gene in a specific cell type. 
 
The studies in chapter 3 showed that AAV1 mediated gene transfer to the 
hypothalamus was most optimal with a titer of 1x109 g.c. in a volume of 1 µl. These 
parameters were used in the subsequent studies to overexpress AgRP and to 
knockdown Socs3 in the rat hypothalamus (chapter 4, 5 and 6). 
 
In chapter 4 the effects of reduced MC receptor signaling in the PVN, LH or VMH 
on energy balance were investigated. Overexpression of AgRP in these areas 
increased body weight and food intake. The increase in food intake was mainly 
due to an increase in meal size. However, reduction of MC signaling in the Acc did 
not have any effect on food intake or body weight.  
 
Melanocortin versus NPY signaling 
AgRP and NPY have similarities, they are both produced in the same neurons in 
the ARC and released in the same projection areas (74). AgRP and NPY increase 
food intake and reduce energy expenditure when they are administrated ICV for 1 
week (184, 248, 315). This suggests that they may have similar functions, but there 
are clear differences between AgRP and NPY systems. Acute ICV administration 
of NPY instantly increases food intake but only for approximately 4 hours, whereas 
the effects of AgRP start somewhat later, but they can last up to 7 days (188, 189, 
313, 314). The effects of overexpression of AgRP and NPY are compared below. 
 
Energy intake 
Chapter 4 indicated the differences in meal patterns which were seen after AAV 
mediated overexpression of AgRP compared with AAV mediated overexpression of 
NPY in the PVN or LH (255). NPY in PVN transiently increases meal frequency 
during the light phase, while AgRP increases meal size in both the dark and light 
phase. In the LH NPY increases frequency in the light phase and meal size 
irrespective of the time of the day, however, AgRP only increases meal size. This 
suggests that NPY, especially in the PVN, is involved in the initiation of feeding 
(hunger), while the MC system alters the consummatory phase of meals that are 
normally eaten (satiation). The motivation (and initiation) to eat involves many brain 
regions, including the dopaminergic reward pathways (67) and probably NPY, 
whereas the consummatory phase involves the hindbrain that can function 
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independently of forebrain structures (366). As described in chapter 1, the PVN, LH 
and VMH have projections to the hindbrain and melanocortins can alter satiation by 
interfering with sensitivity for CCK. Thus inhibition of MC signaling in neurons of 
the PVN, LH or VMH may decrease satiation in the hindbrain via these projections. 
The PVN has direct projections to the hindbrain which contain oxytocin and CRH 
(129). It is interesting to study if oxytocin or CRH expression is altered after 
inhibition of MC signaling in the PVN, this to confirm a direct link which can 
influence meal size in the hindbrain. In addition it would be interesting to 
investigate if inhibition of MC signaling in the LH or VMH alters oxytocin or CRH 
expression in the PVN via hypothalamic interconnections or if they directly 
modulate satiation in the hindbrain.  
Inhibition of MC signaling in the Acc, on chow diet, did not alter any of the 
measured parameters of energy balance. The Acc is implicated in non-homeostatic 
control of food intake and may perhaps play a role when rats are exposed to high 
fat high sucrose diet; however this remains to be investigated.  
 
Energy expenditure and endocrine parameters 
Overexpression of NPY in the PVN or LH reduced body temperature, while AgRP 
overexpression in the LH had no effects on body temperature or locomotor activity. 
However, aged AgRP-/- mice do show an increase in locomotor activity, body 
temperature and metabolic rate. In addition, chronic AgRP infusion reduces oxygen 
consumption (184, 248). These data suggest that the energy expenditure effects 
exerted by MC signaling may be located in brain regions other than the PVN, LH, 
VMH and Acc. We can not exclude that these brain areas are involved in 
reductions in metabolic rate, because the rats with AAV-mediated AgRP 
overexpression were not analyzed in metabolic cages. In contrast, the PVN and LH 
are involved in the effects of NPY on energy expenditure.  
It would be interesting to study if overexpression of an agonist of MC signaling, e.g. 
α-MSH, results in the exact opposite effects as AgRP overexpression. In addition, 
overexpression of γ-MSH, a MC3R specific agonist, may help to dissociate 
between MC3R and MC4R specific effects. 
 
AgRP overexpression in the PVN, LH or VMH did not alter the expression of AgRP, 
NPY or POMC in the ARC (chapter 4). This is in agreement with a study which 
overexpressed Agouti in the PVN or LH and that did not find any changes in NPY, 
POMC or AgRP mRNA compared to controls (249). In addition, mice with MC4R-/-, 
AgRP-/- or ectopic expression of agouti have normal NPY and POMC mRNA levels 
in the ARC (1). NPY signaling is not altered in MC4R-/- mice, since they show a 
normal feeding response when exposed to NPY (173). These data suggest that 
altered MC signaling can not be compensated by NPY. In contrast, the MC system 
is suggested to be able to compensate altered NPY signaling. Viral mediated 
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overexpression of NPY in the LH or PVN, reduced AgRP mRNA in the ARC, while 
it did not alter POMC mRNA (255). In addition, NPY-/- mice show an increase in 
AgRP mRNA (no changes in POMC mRNA) and these mice  are more sensitive for 
effects of AgRP (175, 367). These data implicate that increase in NPY signaling 
may be (partially) compensated by a increase in MC signaling.    
 
A endogenous neuropeptide has a signal peptide which directs the neuropeptide to 
axon terminals to be secreted. When a neuropeptide is overexpressed in its target 
area, most peptide secretion probably remains local, since there are many 
interneurons which project wihtin the same nucleus. However, it can not be 
excluded that a projection neuron is transduced and that the peptide is secreted in 
another brain area. In chapter 5 a new construct was created and tested which 
prevents secretion from axon terminals, but results in secretion from the cell body; 
this was established by removing the endogenous signal peptide and replacing it 
with a Von Willebrand signal peptide with a furine site. VWF-AgRP83-132 was 
secreted by the cell body, was biological active and could increase food intake. 
This new method ensures that secretion of the overexpressed neuropeptide 
remains local to the transduced area. Since it is unknown to what extent the 
phenotypes observed after overexpression of full-length AgRP in the PVN, LH and 
VMH were due to effects of AgRP in other brain areas, it will be interesting to study 
if this new construct with local secretion will result in similar phenotypes.  
 
Leptin-melanocortin signaling 
Leptin reduces food intake and body weight, it is suggested that this is due to the 
influence of leptin on MC signaling and NPY signaling; leptin can upregulate 
POMC mRNA and reduce AgRP and NPY mRNA levels in ARC neurons. Thus 
interference with the leptin signaling may alter melanocortin and NPY signaling.  
In chapter 6 the expression of a negative regulator of leptin signaling, Socs3, was 
reduced via AAV-mediated knockdown. It was expected that rats with a decrease 
in MBH Socs3 mRNA would be resistant for diet-induced obesity, due to improved 
leptin signaling in the mediobasal hypothalamus. However, knockdown of Socs3 in 
the MBH increased body weight, fat mass and leptin levels, significantly. This was 
accompanied by a decrease in locomotor activity and an increase in NPY mRNA in 
the ARC. The increase in NPY mRNA levels may explain some of the phenotypes 
observed, e.g. the decrease in locomotor activity and the feeding effects (shift to 
light phase feeding). It would be interesting to study if NPY mRNA is already 
increased after 3 weeks, when knockdown of Socs3 has reached a plateau and 
food intake in the light phase is increased. This in order to study if the phenotypes 
we observed were really due to a continuous increase in NPY mRNA levels. In 
addition, it would be helpfull to increase Socs3 mRNA via AAV-mediated 
overexpression and determine if NPY mRNA can not be induced during a fast. 
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AAV mediated overexpression of NPY in the PVN (a target area for NPY produced 
in the ARC) started to be compensated after 3 weeks (resulting in normal food 
intake after 5-6 weeks of NPY overexpression (199, 255)). Therefore, it would be 
intriguing to study if rats with MBH Socs3 knockdown also compensate food intake 
when they remain on chow, in stead of switching to the high fat high sucrose diet 
after 3 weeks.  
These data suggest that the leptin signaling has a larger effect on NPY 
transcription than on AgRP transcription when rats are exposed to an HFHS diet. 
The increase in NPY mRNA suggests that at least NPY/AgRP neurons were 
transduced, however the data on POMC mRNA levels has to be interpreted 
carefully, because not all cells in the MBH were transduced.  
 
The obese phenotype after Socs3 knockdown resembles obese leptin deficient 
rats; leptin deficient rats also show increased NPY levels compared to lean 
controls and normal AgRP mRNA levels (100, 368). It is possible that other brain 
regions compensated the local improved leptin sensitivity, by reducing their leptin 
sensitivity, thereby causing leptin resistance (369, 370). To study if other brain 
regions become leptin resistant after improving leptin sensitivity in the mediobasal 
hypothalamus, it would interesting to investigate the levels of phosphorylated 
STAT3 protein levels or Socs3 mRNA levels in other brain areas; a reduction in 
phosphorylated STAT3 or in increase in Socs3 mRNA may indicate leptin 
resistance. Also the contribution of other Socs3 regulated signaling pathways, such 
as insulin or IL-6, to obesity remain to be investigated.  
 
Conclusions  
Viral vector mediated gene transfer is a great tool to investigate the functions of 
genes in specific brain areas. In addition, recent studies are investigating the 
possibilities of using viral vectors to treat genetic diseases in humans, such as 
diabetes type 1. It will be exciting to see if gene therapy will become an accepted 
technique to treat diseases in humans.  
In this thesis a relatively “simple” behavior as feeding behavior was modified by 
AAV mediated overexpression or silencing. Feeding behavior is present in all 
animals, but it already involves many brain circuits and signaling molecules. In this 
thesis the focus was on leptin, melanocortin and NPY signaling and the role of the 
hypothalamus. Nevertheless, other pathways may be involved in regulation of 
energy balance, for example endocannabinoid system and dopamine system 
(reviewed in (371, 372)). In addition, peripheral signals may regulate neural 
systems (373). When a “simple” behavior, such as feeding, is already quite 
complex, it will probably be difficult to fully understand a disorder, such as autism, 
in which many genes contribute to the susceptibility for this disorder. However, 
local overexpression or knockdown of genes in certain brain areas at certain 
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developmental stages may help to unravel the functions of genes, which are 
involved in certain aspects of “complex” disorders.  
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OPTIMALISATIE VAN VIRALE VECTOR TECHNOLOGIE 
OM DE FUNCTIE VAN GENEN IN DE HYPOTHALAMUS 

TE BESTUDEREN 
 

SAMENVATTING IN HET NEDERLANDS 
 
Virale vectoren kunnen worden gebruikt om stukjes DNA in cellen te brengen en zo 
de expressie van een bepaald gen te verhogen (overexpressie) of te verlagen 
(knockdown). Door een virale vector coderend voor een bepaald gen in een 
specifiek weefsel te injecteren kan er bestudeerd worden welke functie een gen 
heeft in het weefsel. Zoals de naam doet vermoeden zijn virale vectoren afgeleid 
van virussen, maar ze zijn zo veranderd dat ze alleen nog de eigenschap van 
“infectie” (waardoor ze dus de cellen kunnen binnendringen) bezitten. Het 
binnendringen van virale vectoren in cellen wordt transductie genoemd, omdat 
virale vectoren zich niet kunnen vermenigvuldigen en dus ook niet door het 
lichaam heen verspreiden en een ziekte veroorzaken. Er zijn vele verschillende 
virale vectoren die allen hun eigen voor- en nadelen hebben. In dit proefschrift zijn 
2 soorten virale vectoren gebruikt om DNA afgifte te bewerkstelligen in de 
hypothalamus, namelijk lentivirale (LV) vectoren en adeno-geassocieerde virale 
(AAV) vectoren. De hypothalamus is een gebied in de hersenen dat uit meerdere 
kernen bestaat en betrokken is bij de regulatie van energie inname en energie 
verbruik (energie balans). Bij de regulatie van energie balans zijn meerdere 
hersengebieden en eiwitten (neuropeptiden) betrokken, maar over de specifieke 
functies van de verschillende neuropeptiden in bepaalde hypothalame kernen is 
nog onvoldoende bekend. Kennis over welke functie een bepaald gen in een 
specifieke kern van de hypothalamus heeft, kan nieuwe inzichten geven voor de 
ontwikkeling van therapieën voor obesitas en eetstoornissen. Daarom is in dit 
proefschrift bestudeerd welke functies het leptine en melanocortine systeem, in 
specifieke hypothalame kernen, hebben op voedselinname en energieverbruik.  
 
Om de effecten van bepaalde genen (uit het leptine en melanocortine systeem) op 
energie balans te kunnen bestuderen is eerst onderzocht welke virale vector, AAV 
of LV, het beste de hypothalamus transduceerde om gen afgifte te bewerkstelligen. 
In hoofdstuk 2 wordt beschreven in welke mate AAV en LV vectoren de 
hersencellen (neuronen) in de laterale hypothalamus of in de amygdala van 
volwassen ratten transduceren. Uit de resultaten blijkt dat AAV-gemedieerde gen 
afgifte meer cellen in de laterale hypothalamus en amygdala transduceert dan LV- 
gemedieerde gen afgifte. Daarnaast kan de hoeveelheid geïnjecteerde AAV 
deeltjes eenvoudig verhoogd worden, omdat de stock 660 keer verdund was voor 
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injectie. Het geïnjecteerde aantal LV deeltjes, daarentegen, is moeilijk te verhogen 
omdat de stock maar 4 keer verdund was voor injectie. De verschillen in efficiëntie 
kunnen veroorzaakt zijn doordat AAV en LV vectoren een ander jasje om hun 
DNA/RNA hebben en daarom andere receptoren gebruiken om een cel te 
transduceren. Dus in andere hersengebieden/weefsels (andere cel soorten), in 
andere ontwikkelingsstadia (e.g. neonataal, adolescent) of in andere diersoorten 
kan het zijn dat LV vectoren juist een betere transductie efficiëntie hebben dan 
AAV. 
De studie in hoofdstuk 2 laat zien dat AAV vectoren een betere methode zijn om 
de laterale hypothalamus van een volwassen rat te transduceren dan LV vectoren. 
Daarom is in hoofdstuk 3 het transductie profiel van AAV-gemedieerde genafgifte 
verder bestudeerd om de transductie efficiëntie te verbeteren. Een AAV-DNA 
construct is verpakt in verschillende eiwitjasjes (van andere AAV soorten 
(serotypes)) om te bestuderen welk jasje het beste zijn AAV-DNA construct afgeeft 
aan cellen in de hypothalamus. Hieruit blijkt dat het jasje van AAV1 de meeste 
cellen transduceert. Daarnaast is er gekeken of veranderingen in hoeveelheid van 
AAV1 verpakte AAV-DNA deeltjes (titers) of in injectievolume nog konden 
bijdragen aan een meer of mindere verspreiding van het aantal getransduceerde 
cellen in de hypothalamus. Hieruit bleek dat AAV1 verpakte AAV-DNA met een 
hoeveelheid van 1x109 deeltjes in een volume van 1 µl (µl is 1000x minder dan een 
ml) voldoende is om bijna alle cellen in hypothalame kernen, zoals de laterale 
hypothalamus of de paraventriculaire hypothalamus, te transduceren en daar dus 
gen afgifte te bewerkstelligen. Er zijn heel veel AAV soorten en we hadden niet de 
mogelijkheid alle bestaande soorten te testen, dus het zou kunnen zijn dat er nog 
AAV soorten zijn die de hypothalamus beter transduceren dan AAV1 verpakte 
AAV-DNA constructen. 
 
De optimale manier van gen afgifte die beschreven is in hoofdstuk 3 is gebruikt om 
de expressie van een neuropeptide dat eetlust opwekt (agouti-related peptide 
(AgRP)), te verhogen in specifieke hersengebieden van volwassen ratten. AgRP 
wordt normaal in bepaalde cellen (AgRP/NPY neuronen) van de arcuate nucleus 
(in de hypothalamus) gemaakt en afgegeven in veel hersengebieden, doordat de 
neuronen uitlopers (projecties) hebben naar die gebieden. In deze gebieden kan 
AgRP binden aan de melanocortine receptoren 3 en 4 en ervoor zorgen dat 
melanocortine signalering geremd word. Door verlaging van melanocortine 
signalering verhogen dieren en mensen hun voedselinname. Om te bestuderen 
wat de effecten van AgRP in bepaalde projectiegebieden op voedselinname en 
energieverbruik zijn, zijn AAV1-AgRP deeltjes geïnjecteerd in een aantal van deze 
projectiegebieden in de hypothalamus (laterale hypothalamus (LH), 
paraventriculaire hypothalamus (PVN) of ventromediale hypothalamus (VMH)) of in 
de accumbens. De resultaten laten zien dat in ieder van de hypothalame gebieden 
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(LH, PVN en VMH) remming van het melanocortine systeem, door AAV-AgRP, het 
lichaamsgewicht en hoeveelheid vet verhoogt ten opzichte van controles (AAV-
GFP). Dit komt door een verhoging in voedselinname, via een vergroting van de 
maaltijdgrootte in zowel de licht- als donkerperiode. Daarnaast verhoogt AgRP in 
de PVN ook het aantal maaltijden dat genuttigd wordt in de lichtperiode (de 
normale slaapperiode van ratten). De effecten van AAV1-AgRP in de hypothalame 
kernen op energieverbruik (in deze studie de dagelijkse beweging en 
lichaamstemperatuur) zijn meer uiteenlopend. AgRP overexpressie in de PVN of 
VMH verhoogt lichaamstemperatuur in de donkerperiode op dag 40 na injectie, 
terwijl AgRP in de LH geen effecten had op lichaamstemperatuur. Remming van 
melanocortine signalering in de PVN verlaagt de hoeveelheid lichaamsbeweging in 
de donkerperiode op dag 20 en 40 na injectie van AAV-AgRP. Daarnaast zijn er 
kern-specifieke effecten op leptine en insuline concentraties in het bloed. Dus 
remming van melanocortine systeem (door AAV-gemedieerde AgRP expressie) in 
verschillende hypothalame kernen verhoogt lichaamsgewicht en voedselinname 
door vergroting van maaltijd grootte, maar er zijn kernspecifieke effecten op 
energieverbruik en endocriene parameters. Overexpressie van AgRP in de 
accumbens had geen effecten op de voedselinname of energieverbruik van de 
ratten. 
Deze AgRP overexpressie data is vergeleken met data van een experiment in ons 
lab waar neuropeptide Y (NPY) tot overexpressie was gebracht met AAV in de LH 
en PVN. AgRP en NPY worden namelijk gemaakt in dezelfde cellen in de arcuate 
nucleus en beide verhogen voedselinname. De vergelijking van effecten van NPY 
en AgRP laat duidelijk zien dat beide neuropeptiden leiden tot dik worden, maar 
dat dit via andere mechanismen gaat. 
 
Een nadeel van de methode die in hoofdstuk 4 is gebruikt is dat het niet met 100% 
zekerheid te zeggen is dat al het uitgescheiden AgRP, uit AAV-AgRP 
getransduceerde cellen, daadwerkelijk in het projectiegebied is gebleven. Het is 
mogelijk dat in het projectiegebied cellen zijn geraakt die weer naar een ander 
gebied projecteren en dat AgRP daar uitgescheiden is. Daarom hebben we een 
nieuwe methode bedacht en getest in hoofdstuk 5 om de uitscheiding van AgRP bij 
het cellichaam te houden, zodat AgRP niet de projecties ingaat en bij die uiteinden 
uitgescheiden kan worden. Een korte, werkzame versie van AgRP, AgRP83-132, 
werd in AAV gezet en getest. De resultaten lieten zien dat deze korte versie bij het 
cellichaam werd uitgescheiden en dat het na injectie in de PVN van ratten ook 
lichaamsgewicht en voedselinname verhoogde. Dus deze nieuwe methode kan in 
het vervolg gebruikt worden om neuropeptiden tot overexpressie te brengen en zo 
te bewerkstelligen dat het AAV-neuropeptide construct ook echt in het 
geïnjecteerde hersengebied wordt uitgescheiden.  
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Leptine is een hormoon dat gemaakt wordt in vetcellen naar ratio voor de 
hoeveelheid vet (meer vet dan meer leptine in het bloed). Normaal leiden hogere 
leptine concentraties tot verlaging van voedselinname door onder andere een 
verhoging van melanocortine signalering (verhoging van activator, POMC, en 
verlaging van de remmer, AgRP) en verlaging van NPY signalering (verlaging van 
NPY). Mensen en dieren met obesitas hebben hoge leptine concentraties, maar 
eten nog steeds teveel. Daarnaast reageren zij ook niet meer met een verlaging 
van voedselinname wanneer leptine wordt geïnjecteerd. Daarom lijkt obesitas 
geassocieerd met ongevoeligheid voor leptine (leptine resistentie). De huidige 
literatuur suggereert dat verhoging van Socs3 expressie in de arcuate nucleus een 
bijdrage heeft in het ontstaan van leptine ongevoeligheid, omdat Socs3 leptine 
signalering in de cel remt. In hoofdstuk 6 is bestudeerd wat het effect van verlaging 
van Socs3 in de mediobasale hypothalamus is op de ontwikkeling van dieet 
geïnduceerde obesitas. Normaal gaan ratten meer eten als zij beschikking hebben 
tot vet en sucrose water naast hun gewone voer en water en hierdoor kunnen ze 
obees worden, dit fenomeen wordt dieet geïnduceerde obesitas genoemd. Op 
basis van literatuur werd verwacht dat verlaging van Socs3 beschermend werkt 
tegen de ontwikkeling van dieet geïnduceerde obesitas. Maar de resultaten lieten 
zien dat verlaging van Socs3 (door middel van short hairpin RNA) in de 
mediobasale hypothalamus er juist voor zorgde dat ratten zwaarder werden dan 
hun controles. Dit kwam niet door een verhoging van inname van calorieën (wel 
een verschuiving in maaltijdpatronen), maar door een verlaging van 
lichaamsbeweging en lichaamstemperatuur in de donkerperiode. Het lijkt erop dat 
deze effecten veroorzaakt zijn door een verhoging van NPY expressie in de 
arcuate nucleus, als gevolg van de verlaging van Socs3. Deze resultaten 
suggereren dat leptine signalering complexer is dan gedacht en dat er een delicate 
balans is van moleculen, waaronder Socs3, die de expressie van genen zoals NPY 
kunnen beïnvloeden. 
 
In hoofdstuk 7 worden de resultaten van dit proefschrift samengevat en 
aanbevelingen gegeven voor toekomstig onderzoek. 
Dit proefschrift heeft laten zien dat virale vector technologie een valide methode is 
om lokaal gen expressie in het brein te veranderen en dat dit een mooie aanvulling 
is op al bestaande technieken om de functie van een gen in een specifiek gebied 
e/o gedrag te bestuderen.
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