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Abbreviations

[Ca2+]i intracellular calcium concentration

α-MSH α-melanocyte-stimulating hormone

γ Ca2+ extrusion rate

κB Ca2+ binding ratio

κS endogenous Ca2+ binding ratio

τendo endogenous decay time constant of the Ca2+ signal

τtransient measured decay time constant of the Ca2+ signal

CM whole-cell membrane capacitance

EM resting membrane potential

IK(Ca) Ca2+-dependent potassium current

Kd dissociation constant

Kd, f ura dissociation constant of fura-2

Rs series resistance

Rmax fura-2 fluorescence ratio at saturating calcium concentrations

Rmin fura-2 fluorescence ratio in calcium free conditions

sact slope factor of the Boltzmann equation

V0.5,act voltage where halfmaximal activation occurs

Vmax command voltage at maximal peak current amplitude

4-AP 4-aminopyridine

Ehold holding potential

ICa calcium current

aCSF artificial cerebrospinal fluid

ADU analog-digital units
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AgRP agouti-related protein

ARC arcuate nucleus of the hypothalamus

ATP adenosine triphosphate

BS beam splitter

BST bed nucleus of the stria terminalis

CART cocaine amphetamine related transcript

CCD charge-coupled device

CEA central nucleus of the amygdala

CNQX 6-cyano-7-nitroquinoxaline-2,3-dione

D-AP5 D-2-amino-5-phosphonopentanoate

DMH dorsomedial nucleus of the hypothalamus

EGFP enhanced green fluorescent protein

EGTA ethylene glycol tetraacetic acid

EM emission

EX excitation

FFA free fatty acids

GABA γ -aminobutyric acid

GaCSF glycerol-based artificial cerebrospinal fluid

HEPES 4-(2-hydroxyethyl)-1-piperazineethane sulfonic acid

HFD high-fat diet

HVA high-voltage-activated

ISI interspike interval

KATP ATP-sensitive potassium channel

LH lateral hypothalamic area

LPB lateral parabrachial nucleus

LTS low-treshold spike

LVA low-voltage-activated
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MC4R melanocortin 4 receptor

NA numerical aperture

ND normal diet

NPY neuropeptide Y

NS parvocellular neurosecretory

NTS nucleus tractus solitarius

PA parvocellular pre-autonomic

POMC pro-opiomelanocortin

PTX picrotoxin

PVH paraventricular nucleus of the hypothalamus

RET reticular nucleus

ROI region of interest

RT room temperature

RT-PCR reverse transcription polymerase chain reaction

SD standard deviation

SEM standard error of mean

SIM1 single-minded 1

TBS TRIS-HCl buffered solution

TEA tetraethylammonium chloride

TRIS 2-amino-2-(hydroxymethyl)-1,3-propanediol

VGCC voltage-gated calcium channels

VMH ventromedial nucleus of the hypothalamus
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Zusammenfassung

Die Fähigkeit, Nährstoffe aufzunehmen und zu verstoffwechseln, ist überlebenswich-

tig für jeden Organismus. Höhere Lebewesen müssen ihre Energieaufnahme regu-

lieren, da eine positive Energiebilanz über längere Zeit zu Fettleibigkeit und sogar

zu frühzeitigem Tod führen kann. Die Energiehomöostase wird dem neurozentri-

schem Modell zufolge von einem kleinen neuronalen Subnetzwerk im Hypothala-

mus reguliert. Dieses Netzwerk umfasst, neben anderen, sattheitvermittelnde, pro-

opiomelanocortin (POMC) exprimierende Neurone und hungervermittelnde, agouti-

related protein (AgRP) exprimierende Neurone. Diese integrieren Signale aus der Pe-

ripherie über den Nahrungszustand des Organismus und leiten diese Informationen

auf Neurone zweiter Ordnung weiter (z.B. SIM1-Neurone im paraventrikulären Nu-

kleus des Hypothalamus; PVH). Anhand von diät-induzierten, adipösen Mäuse, die

eine Diät mit hohem Fettanteil (HFD) bekommen haben, können die Effekte einer

längerandauernden, positiven Energiebilanz auf dieses Netzwerk studiert werden.

Im ersten Teil dieser Arbeit wurden die Effekte der HFD auf die Kalziumhomöostase

von POMC-Neuronen untersucht. Kalzium spielt eine äußerst wichtige Rolle als ’se-

cond messenger’ in vielen zellulären Funktionen wie z.B. der Zellmembranerregbar-

keit, der synaptischen Plastizität, Neurotransmitterfreilassung und aktivitätsabhängi-

ger Genaktivierung. Ableitungen mit der ’whole-cell patch-clamp’-Technik im ’volta-

ge clamp’-Modus wurden an POMC-Neuronen durchgeführt, um den spannungsab-

hängigen Kalziumeinstrom zu charakterisieren. Außerdem wurden die Parameter für

intrazelluläre Kalziumverarbeitung (Kalziumruhekonzentration, Kalizumpufferung,

Kalziumextrusion) bestimmt. Dazu wurden ’whole-cell patch-clamp’-Ableitungen und

schnelle optische Bildgebungsexperimente in Kombination mit dem ’added buffer’-
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Ansatz verwendet. Das wichtigste Ergebnis dieser Studien war, dass eine HFD die

Kalziumverarbeitung in POMC-Neuronen veränderte. Die Kalziumstromdichte war

in POMC-Neuronen der Mäuse unter HFD erhöht (-69,50 pA/pF) im Vergleich zu

Mäusen, die eine normale Diät (ND) erhielten (-59,63 pA/pF). Zusätzlich war der

Quotient der Kalziumbindung in POMC-Neuronen der Mäuse unter HFD (220) höher

als bei ND-Mäusen (399). Die Kalziumruhekonzentration war in POMC-Neuronen

der HFD-Mäuse fast doppelt so hoch (0,040 µM) wie bei ND-Mäusen (0,021 µM). Die-

se beobachteten, diätabhängigen Veränderungen der Kalziumhomöostase könnten

die Funktion, synaptische Plastizität und synaptische Leistung von POMC-Neuronen

beeinträchtigen und dadurch direkt oder indirekt das Verhalten zur Energieaufnahme

des Tieres beeinflussen. Zum Beispiel könnte die erhöhte Kalziumruhekonzentration

durch die Aktivierung kalziumabhängiger Kaliumkanäle zu einem Verstummen der

POMC-Neurone führen und dadurch möglicherweise auch zu reduzierter Vermitt-

lung des Sattheitsgefühls. Im zweiten Teil der Arbeit wurden Kandidaten für mögli-

che Nachfolgeneurone zu POMC-Neuronen in einer genetisch definierten Population

(SIM1-Neurone) im PVH charakterisiert. Der PVH ist eine bekannte Zielregion von

POMC-Neuronen und es ist bekannt, dass SIM1-Neurone eine wichtige Rolle bei der

Regulation der Energieaufnahme spielen. ’Current clamp patch-clamp’-Ableitungen

in der ’whole-cell’-Konfiguration wurden an identifizierten SIM1-Neuronen durchge-

führt. Subtypen von SIM1-Neuronen im PVH konnten nach ihrem Antwortverhalten

auf Strominjektionen charakterisiert werden und bekannten PVH-Neurontypen zu-

geordnet werden. Es konnte gezeigt werden, dass SIM1-Neurone magnozellulär neu-

rosekretorische, ’bursting’, parvozellulär neurosekretorische (NS) und parvozellulär

prä-autonome (PA) PVH-Neuronsubtypen umfassen. Des weiteren konnte gezeigt

werden, dass die parvozellulären SIM1-Subtypen unterschiedlich sensitiv für den se-

lektiven Blocker des adenosintriphosphat-sensitiven Kaliumkanal (KATP) Tolbutamid

sind (22.23 % der abgeleiteten NS-Neuronen reagierten auf Tolbutamid und 92,31 %

der PA-Neurone). Dies könnte auf unterschiedliche Expression des KATP-Kanals in-

nerhalb der jeweiligen SIM1-Subtypen und damit auf die Existenz verschiedener NS

und PA-Subpopulationen hindeuten.
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Abstract

The ability to take up and metabolize nutrients is vitally important for the survival

of every living organism. Higher organisms need to control their energy uptake and

expenditure as a positive energy balance over time can lead to obesity and even early

death. The regulation of energy homeostasis, according to the neurocentric model, is

performed by a small neuronal subnetwork in the hypothalamus. This network com-

prises, among others, satiety mediating, pro-opiomelanocortin (POMC) expressing

neurons and hunger mediating, agouti-related protein (AgRP) expressing neurons.

They integrate signals from the periphery about the nutritional status of the organ-

ism and relay this information onto second order neurons (e.g. SIM1 neurons in the

paraventricular nucleus of the hypothalamus; PVH). Diet-induced obese mice that

have received a high-fat diet can be used to investigate the effects of a prolonged pos-

itive energy balance on this network. In the first part of this thesis, the effects of a

high-fat diet on the calcium homeostasis of POMC neurons were investigated. Cal-

cium plays a crucial role as a second messenger in many important cellular functions

such as membrane excitability, synaptic plasticity, neurotransmitter release and activ-

ity dependent gene activation. Whole-cell patch-clamp recordings in voltage clamp

were performed to characterize voltage-activated calcium influx in POMC neurons.

Further, to determine the intracellular calcium handling parameters (calcium resting

level, calcium buffering, calcium extrusion) whole-cell patch-clamp recordings and

fast optical imaging were used in combination with the ’added buffer’ approach. The

most important finding was that the high-fat diet affected calcium handling in POMC

neurons. The calcium current density was found to be increased in POMC neurons
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of high-fat diet mice (-69.50 pA/pF) compared to normal diet mice (-59.63 pA/pF).

Furthermore, the calcium binding ratio of POMC neurons in the high-fat diet cohort

was lower (220) compared to normal diet mice (399). Also, the calcium resting level

of POMC neurons was almost twice as high in the high-fat diet cohort (0.040 µM) as

in the normal diet mice (0.021 µM). These observed diet dependent changes in cal-

cium handling could impair the function, synaptic plasticity and synaptic output of

POMC neurons, thus directly or indirectly influencing the energy uptake behaviour

of the animal. For example, the increase in the calcium resting level could lead to a

silencing of POMC neurons from high-fat diet mice through the activation of calcium

dependent potassium channels, possibly reducing satiety signaling. In the second

part of this thesis, candidates for putative second order neurons to POMC neurons in

a genetically defined neuron population in the PVH (SIM1 neurons) were character-

ized. The PVH is a known target region of POMC neuron terminals and it was shown

by earlier studies that SIM1 neurons in the PVH play an important role in energy

uptake regulation. Current clamp patch-clamp recordings in the whole-cell configu-

ration were performed on identified SIM1 neurons. Subtypes of SIM1 neurons in the

PVH could be characterized according to their reaction to current injection protocols

and matched with neurontypes found in previous studies. It could be shown that the

SIM1 neuron population comprise the magnocellular neurosecretory, bursting, par-

vocellular neurosecretory (NS) and parvocellular pre-autonomic (PA) PVH neuron

subtypes. Additionally, it was found that the parvocellular SIM1 neuron subtypes

differ in their sensitivity to the adenosine triphosphate-sensitive potassium (KATP)

channel blocker tolbutamide (Only 22.23 % of the recorded NS subtype neurons were

sensitive to tolbutamide and 92.31 % of the PA subtype) suggesting a possible differ-

ential expression of the KATP channel for each subtype and the possible existence of

subpopulations of NS and PA neurons.
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1 Introduction

Every living organism needs to take up and metabolize nutrients. This behaviour

needs to be tightly regulated. In mammals, the hypothalamus regulates energy up-

take and expenditure by integrating afferent and humoral input that conveys infor-

mation about the nutritional state of the body (Schwartz and Porte, 2005). Disregu-

lation of this system can lead to obesity and the metabolic syndrome including type

2 diabetes and heart disease (Huxley et al., 2009). These are a major health risks and

a great public health threat to western societies (World Health Organization, 2009;

Finkelstein et al., 2009). The current, neurocentric network model of energy home-

ostasis proposes that antagonistic first-order neurons in the arcuate nucleus of the

hypothalamus (ARC), such as pro-opiomelanocortin (POMC) neurons and agouti-

related protein (AgRP) neurons, integrate information coming from, among others,

peripheral tissues (e.g. adipose tissue, pancreas, gut). These neurons synapse onto

second-order neurons (possibly SIM1 neurons; Balthasar et al., 2005) in many brain

regions and subnuclei of the hypothalamus, e.g. the paraventricular nucleus of the

hypothalamus (PVH; Swanson, 2000; Cone, 2005; Fig. 1.1).

In many neuronal processes, calcium plays an important role, such as synaptic plas-

ticity, release of neurotransmitter, membrane exictability, enzyme activation and ac-

tivity dependent gene activation. Its cytosolic concentration is elevated mainly by

14



1 Introduction

influx through voltage-gated Ca2+ channels (VGCC). Because of its many functions,

Ca2+ signaling has to be tightly regulated in duration and location inside the neuron

(Augustine et al., 2003). Disregulation of Ca2+ homeostasis can lead to impairment

of neuronal function, synaptic activity and synaptic plasticity. For example, subtle

changes in neuronal Ca2+ homeostasis seem to be a major factor for the cognitive de-

cline in old age. Interestingly, this can be attenuated by caloric restriction (Toescu and

Verkhratsky, 2007; Murchison and Griffith, 2007).

To better understand hypothalamic energy balance, diet-induced obese (Archer and

Mercer, 2007) and knockout mice (Sauer and Henderson, 1988; Gu et al., 1994) can be

generated and studied by analyzing the performance of the animal in various tests.

However, comparatively little knowledge is gained about the properties of the neu-

rons within the hypothalamus and their cellular parameters. The difficulty of identi-

fying these neurons in the living tissue has hindered the study of single neurons with

whole-cell patch-clamp electrophysiology within this network for a long time. Re-

cent advances in genetics now allow to label specific neurons in the hypothalamus by

expressing fluorescent proteins, such as enhanced green fluorescent protein (EGFP),

under the control of neuron specific promoters. The mice used in this thesis express

EGFP under the transcriptional control of mouse Pomc and Sim1 genomic sequences

(Fig. 1.2, C & D; Fig. 3.12, B, C; Cowley et al., 2001; Balthasar et al., 2005). This al-

lows to distinguish POMC and SIM1 neurons unequivocally from other cells in the

living tissue by their EGFP fluorescence and perform whole-cell patch-clamp record-

ings from identified neurons. This further allows to investigate the cellular proper-

ties (e.g. neuroanatomy, active membrane properties, Ca2+ handling) of genetically

identified neurons in the energy homeostatic network. In addition, these data can be

combined with insights gained from neuron specific knockout mice, joining two very

15



1 Introduction

powerful analytical toolsets. Ultimately, this will help to gain a better understanding

of energy homeostasis, its principal components and their properties that underlie the

regulation of food intake and energy expenditure. This understanding will enable us

to come up with novel solutions for the social and economic burden of obesity and

obesity-related diseases.

Aim of this thesis

The aim of this thesis was to better comprehend the components (and their cellular

properties) of the hypothalamic network that regulates energy balance and establish

a framework for future studies. The goal was approached in two parts.

First, to better understand calcium handling in first order neurons of the energy

homeostatic network, (a) the calcium influx in POMC neurons was characterized by

performing whole-cell patch-clamp voltage clamp recordings in hypothalamic brain

slices, from mice fed either a high fat or a normal diet, and (b) the calcium buffering

capacity and extrusion rate of POMC neurons of these mice were determined using

the ’added buffer’ approach. This was achieved by performing ratiometric calcium

imaging experiments in combination with whole-cell patch-clamp recordings of iden-

tified POMC neurons in hypothalamic brain slices.

Second, potential candidates for second-order neurons to POMC neurons in the

paraventricular nucleus of the hypothalamus were characterized performing whole-

cell patch-clamp current clamp recordings in a genetically identified subpopulation

of PVH neurons: SIM1 neurons.
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1 Introduction

1.1 Detailed background

In order to survive, every living organism needs to take up and metabolize nutrients.

In vertebrates this behaviour needs to be tightly regulated because even a minute

imbalance in energy homeostasis can lead to obesity, disease and even early death.

In humans, being obese is a major risk factor for hypertension, stroke, cancer and

metabolic syndrome including type 2 diabetes and heart disease (Must et al., 1999;

Huxley et al., 2009; Osmond et al., 2009). Currently, the increasing prevalence of obe-

sity and obesity-related diseases in the western society are a great public health threat

of pandemic proportions (World Health Organization, 2009; Finkelstein et al., 2009).

As obese people grow older, the risk of manifestation of these diseases increases, espe-

cially in the second half of life (Thompson et al., 1999). Obesity also increases the risk

of reduced cognitive function, accelerates cognitive aging and increases the risk neu-

rodegenerative disease, such as dementia and Alzheimer’s disease (Luchsinger and

Mayeux, 2007; Yaffe, 2007). In rodents, obesity can be elicited by feeding a high fat

diet (diet-induced obesity) because it mimics the unnatural environment of modern

society with minimal essential activity and access to highly-nutritious, energy-dense

food (Surwit et al., 1988; West et al., 1992; Archer and Mercer, 2007). A better un-

derstanding of energy homeostasis and its principal components will help to devise

strategies to overcome this social and economic scourge.

1.1.1 Energy homeostasis

In healthy vertebrates, the brain regulates food intake and energy expenditure in re-

sponse to the body’s nutritional status (Figure 1.1). The nutritional status is conveyed

by peripheral signals of the pancreas, adipose tissue and the intestinal tract. These

17



1 Introduction

Figure 1.1: Diagram depicting the neurocentric model of energy homeostasis. Food intake and en-
ergy expenditure are regulated by the brain in response to afferent input and signals from peripheral
tissue. These signals include hormones, such as insulin and leptin, but also nutrient related signals,
such as free fatty acids and glucose. A small neuronal subnetwork in the hypothalamus containing
AgRP/NPY and POMC neurons integrates signals about the nutrient state of the organism and regu-
lates substrate metabolism and food intake accordingly. AgRP: Agouti-related protein, FFA: free fatty
acids, NPY: neuropeptide Y, POMC: pro-opiomelanocortin. Modified from Schwartz (2005).

signals are released into the blood and reach the brain together with afferent input

(Arora and Anubhuti, 2006; Morton et al., 2006). Among others, two major signals are

identified today: leptin (produced by adipose tissue) and insulin (produced by the

pancreas). Both peptides are released into the blood proportionally to the amount of

body fat and pass the blood-brain barrier in proportion to their plasma concentration

(Saltiel and Kahn, 2001).

1.1.2 The hypothalamic energy balance network

Lesion studies in the 1940s showed that there are discrete regions of the hypothala-

mus that are essential in regulating food intake (Fig. 1.2, A & B). Destruction of the hy-

18



1 Introduction

Bregma -1.70 mm

DMH

VMH

ME
ARC

3V

A B

C D

3V

Figure 1.2: Overview of hypothalamic nuclei involved in energy homeostasis and the location of
POMC neurons expressing enhanced green fluorescent protein (EGFP). (A) Schematic representa-
tion of a coronal section of the mouse brain. The area of the red box is shown in B. (B) Overview of
hypothalamic nuclei involved in energy homeostasis including the dorsomedial, ventromedial and ar-
cuate nucleus of the hypothalamus. The area of the red box is shown in C. (C) Merged fluorescence
and transmission image depicting the arcuate nucleus (outlined by the dashed line) and POMC neu-
rons expressing EGFP. The area of the red box is shown in D. (D) Maximum intensity projection of
a fluorescence image stack of POMC neurons expressing EGFP in the arcuate nucleus. Fluorescence
images were acquired in the living slice using multiphoton microscopy. Scale bar in C: 200 µm, in D:
50 µm. 3V: third ventricle, ARC: arcuate nucleus of the hypothalamus, DMH: dorsomedial nucleus of
the hypothalamus, ME: median eminence, VMH: ventromedial nucleus of the hypothalamus. A and B
modified from Paxinos and Franklin (1997).

pothalamic arcuate (ARC), ventromedial (VMH), dorsomedial (DMH) and paraven-

tricular (PVH) nuclei in rats resulted in severely obese animals. Contrarily, destruction

of the lateral hypothalamic area (LH) lead to a decrease in food intake (Hetherington

and Ranson, 1940; Miller et al., 1950; Stevenson, 1970).

In the mid-nineties, the discovery of leptin and the gene encoding it, by means of

obese, leptin deficient ob/ob mice, marked another great step in the understanding of

energy regulation (Zhang et al., 1994; Halaas et al., 1995; Pelleymounter et al., 1995;
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1 Introduction

Campfield et al., 1995). Additionally, leptin receptors could be cloned and localized in

the ARC and the VMH (Tartaglia et al., 1995; Mercer et al., 1996). Apart from classical

insulin target regions (in skeletal muscle, adipose tissue and the liver), insulin recep-

tors are also found in the brain where specific insulin receptor knockout resulted in

obese mice (Brüning et al., 2000). Injection of insulin into the cerebral ventricles of

mice resulted in increased expression of the anorectic peptide precursor protein pro-

opiomelanocortin (POMC) and reduction of food uptake (Benoit et al., 2002).

To this day, a model has emerged which involves two antagonistic types of hypotha-

lamic neurons located in the ARC: neurons expressing the satiety mediating (orexi-

genic) polypeptides pro-opiomelanocortin (POMC) and cocaine amphetamine regu-

lated transcript (CART), and neurons which express the hunger mediating (anorexi-

genic) peptides agouti-related protein (AgRP) and neuropeptide Y (NPY; Hahn et al.,

1998; Cone, 2005). In the current model, POMC neurons are activated by leptin, trig-

gering the release of α-melanocyte-stimulating hormone (α-MSH) from POMC axon

terminals. α-MSH in turn activates the melanocortin 4 receptor (MC4R) in second-

order neurons (e.g. in the PVH) leading to reduced food intake and increased en-

ergy expenditure (Elias et al., 1999; Cowley et al., 2001). Secondly, leptin suppresses

NPY/AgRP neuron activity, which in turn would antagonize the activity of α-MSH.

Furthermore, NPY/AgRP neurons also inhibit POMC activity through the action of

NPY and γ-aminobutyric acid (GABA) releasing synapses onto POMC neurons lead-

ing to increased food intake.

POMC neurons from the ARC project to a diverse range of locations in the brain.

These target areas include: the bed nucleus of the stria terminalis (BST), the central

nucleus of the amygdala (CEA), the lateral parabrachial nucleus (LPB), the lateral

hypothalamic area (LH), the nucleus tractus solitarius (NTS), the reticular nucleus
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1 Introduction

(RET) and the paraventricular nucleus of the hypothalamus (PVH; reviewed in Cone,

2005).

1.1.3 The PVH and SIM1 neurons

In addition to controlling ingestive behaviour of food and drink, the PVH is also

thought to be involved in neuroendocrine and autonomous regulation of the car-

diovascular system, water homeostasis, milk ejection and uterine contraction during

child birth (Malpas and Coote, 1994; Stocker et al., 2004; Lincoln and Wakerley, 1974;

Summerlee and Lincoln, 1981). The PVH is a complex hypothalamic nucleus that can

be divided into at least eight, clearly distinguishable subdivions and contains approx-

imately 30 different putative neurotransmitters (Swanson and Sawchenko, 1983). The

cellular parameters of PVH neurons have been studied previously in great detail and

several neuron types could be characterized (Tasker and Dudek, 1991; Hoffman et al.,

1991; Tasker and Dudek, 1993; Luther and Tasker, 2000; Luther et al., 2000; Stern, 2001;

Luther et al., 2002; Melnick et al., 2007). In these studies, the neuron types were found

to be confined to relatively discrete subdivisions of the PVH and could be classified

not only by their location but also by soma size, immunoreactivity and electrophysio-

logical response to current injection. The following classes of neuron types have been

identified so far and can be grouped into three main categories: (1) neurosecretory

magnocellular, (2) bursting and (3) parvocellular neurons. Magnocellular neurons are

located in the ventral and lateral subdivisions of the PVH and project to the neurohy-

pophysis. Bursting neurons are located laterally and ventrolaterally of the PVH and

the third ventricle. They are hypothesized to be inhibitory interneurons (Tasker and

Dudek, 1991). Parvocellular neurons are generally located in the more medial and

dorsal regions of the PVH. They can be subdivided into (a) parvocellular neurosecre-
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A

B

D

C

Magnocellular Bursting Parvocellular,
neurosecretory

Parvocellular,
pre-autonomous*

Figure 1.3: Output projections from the PVH and the corresponding neuron types. (A) Schematic
representation of a dorsal view on a mammalian brain hemisphere illustrating the output projections
originating from the PVH. (B) Enlarged view of area marked with a dotted line in A of the short range
projections originating from the PVH. The projections of magnocellular neurons are shown in blue,
of parvocellular neurosecretory neurons in red and those of parvocellular pre-autonomous neurons
are shown in green. (C) Schematic overlay of a transmission image of the PVH visualizing the dis-
tribution of the different neuron types. (D) Electrophysiological profiles of PVH neurons. Represen-
tative traces of the membrane potential during positive current injection. Magnocellular neurons are
characterized by a delayed onset in action potential firing upon depolarization. Bursting neurons dis-
play large, high-frequency bursts of action potentials superimposed on low-threshold spikes during
depolarization. Parvocellular neurosecretory neurons display tonic action potential firing and weak
spike-frequency adaptation. Parvocellular pre-autonomic neurons fire a low-threshold spike upon hy-
perpolarization or by depolarization from membrane potentials more hyperpolarized than the resting
membrane potential. 3V: third ventricle, AL: anterior lobe pituitary, dp: dorsal cap, DMX: dorsal motor
nucleus vagus, IML: intermediolateral preganglionic column, LHApf: perifornical lateral hypothalamic
area (tuberal level), mp: medial parvocellular subdivision, ME: median eminence, MEA: midbrain ex-
trapyramidal area, MRN: mesencephalic reticular nucleus, MZ: marginal zone, NL: neural (posterior)
lobe pituitary, NTS: nucleus of the solitary tract, PAG: periaqueductal gray, pm: posterior magnocellular
subdivision, pv: periventricular parvocellular subdivision, PB: parabrachial nucleus, PGRN: paragigan-
tocellular reticular nucleus (ventrolateral medulla), PPN: pedunculopontine nucleus, RA: raphe nuclei,
RR: retrorubral area, S: sympathetic ganglia, SSN: superior salivatory nucleus, X: vagus nerve. A and
B modified from Swanson (2000). C and D were modified from Melnick et al. (2007).
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tory neurons that project to the median eminence regulating hormone release from

the anterior pituitary gland and (b) parvocellular pre-autonomous neurons (PA) that

send long projections to the autonomic brain centers in the brain stem and spinal cord

(Swanson et al., 1980; Sawchenko and Swanson, 1982; Swanson and Sawchenko, 1983;

Swanson, 2000, Fig. 1.3, A – C). The classification of these neuron types correlates

with their electrophysiological responses to current injection (Fig. 1.3, D). Magnocel-

lular neurons are characterized by a delayed onset in action potential firing upon de-

polarization and show weak spike-frequency adaptation. Bursting neurons display

large, high-frequency bursts of action potentials superimposed on sometimes repet-

itive low-threshold spikes during depolarization (Tasker and Dudek, 1991). Parvo-

cellular neurosecretory neurons respond to depolarizing current injection with tonic

action potential firing and weak spike-frequency adaptation (Luther et al., 2002). Par-

vocellular pre-autonomic neurons fire a low-threshold spike upon hyperpolarization

or by depolarization from membrane potentials more hyperpolarized than the resting

membrane potential (Tasker and Dudek, 1991).

The periventricular (pv) and medial parvocellular (mp) subdivisions of the PVH

receive a dense innervation from POMC neuron fibers. The pv- and mpPVH are also

regions with a high density of α-MSH receptor (MC4R) expression, suggesting that

these are target regions where POMC neurons synapse onto second-order neurons

(Elmquist et al., 1997; Bagnol et al., 1999; Cowley et al., 1999; Bouret et al., 2004). Addi-

tionally, Balthasar and colleagues were able to show that hyperphagia induced by the

knockout of the MC4R could be rescued by selective restoration of MC4R in neurons

expressing SIM1 in the PVH. This finding suggests that there is (a) a divergence in the

pathway regulating energy uptake and energy expenditure and, more importantly,

(b) that SIM1 neurons in the PVH play an important role in this pathway (Balthasar et
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al., 2005).

SIM1 was originally identified in the fruit fly Drosophila as part of the single-minded

gene family where it plays a critical role in the development of the midline neuroep-

ithelium during embryonic development (Nambu et al., 1991; Fan et al., 1997). Evi-

dence also suggests that SIM1 is needed for proper axon targeting during the devel-

opment of the mammalian CNS (Marion et al., 2005). In humans, haploinsufficiency of

the SIM1 homolog is associated with hyperphagic obesity and Down syndrome (Fan

et al., 1997; Holder et al., 2000; Faivre et al., 2002). In mice, SIM1 heterozygous ani-

mals display hyperphagia, increased linear growth and susceptibility to diet-induced

obesity (Ema et al., 1996).

Despite this amount of information, it is still unclear what the electrophysiological

properties of SIM1 neurons are and which known PVH subtypes they contain.

1.1.4 Importance of calcium

Calcium plays a crucial role in many important cellular functions. In neurons, Ca2+

contributes directly to the membrane potential as a charge carrier, but also as a second

messenger that controls a variety of cellular processes. These include synaptic plastic-

ity, release of neurotransmitter, membrane exictability, enzyme activation and activity

dependent gene activation (Berridge et al., 2003). To selectively fulfill this multitude of

important tasks, the cytosolic free calcium concentration needs to be tightly regulated

in amplitude, location and duration (Augustine et al., 2003).

The single compartment model is a simplified model of intracellular calcium dy-

namics to describe the cellular parameters that shape an intracellular Ca2+ signal

(these include kinetics of Ca2+ sources, properties of intracellular Ca2+ buffering pro-

teins, rate of Ca2+ clearance; Fig. 1.4, A). It can also be used to better understand how
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A

B control double
calcium influx

double
calcium binding ratio

half
clearance rate

Figure 1.4: Schematic overview of the single compartment model. (A) Cellular parameters that shape
the intracellular Ca2+ signal. They are mainly determined by the calcium source (influx or release from
intracellular stores), the properties of intracellular Ca2+ buffers (calcium binding proteins) and the Ca2+

extrusion from the cytosol (to extracellular space and internal stores). (B) Simulation demonstrating
how the cellular calcium handling parameters influence the actual calcium signal. A stimulus under
control conditions transiently increases the intracellular Ca2+ concentration ([Ca2+]i) with a given am-
plitude (A) that decays to baseline with a given time constant (τ). Doubling the calcium influx results
in a doubling of the signal amplitude. Doubling the Ca2+ binding ratio results in a bisection of the
amplitude and a doubling of the time constant. Halving the clearance rate doubles the time constant
of the decay. The control trace is drawn as a dashed curve for comparison. Modified from Helmchen
and Tank (2005).

the relationship between influx, buffering and clearance influences the actual calcium

signal (Fig. 1.4, B). This needs to be considered, because the fluorescent Ca2+ indica-

tor used to measure the Ca2+ signal in whole-cell patch-clamp experiments acts as an

added exogenous Ca2+ buffer that distorts the endogenous calcium buffering of the

cell. To determine the endogenous Ca2+ handling parameters, such as endogenous de-

cay time constant of the calcium signal, endogenous calcium binding ratio and extru-

sion rate, we used the ’added buffer’ approach. The ’added buffer’ approach is based

on the single compartment model and was used in combination with patch-clamp

recording and fast optical imaging (Neher and Augustine, 1992; Helmchen et al., 1997;

Pippow et al., 2009).
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1.1.5 Voltage-gated calcium channels

The main source for intracellular calcium is influx via voltage-gated calcium channels

(VGCC). VGCCs are transmembrane proteins consisting of a pore forming main unit

(α1 or Cav) and auxiliary/regulatory subunits (the α2δ dimer, β and γ monomers).

The main unit consists of four homologous domains, each containing six membrane

segments (S1 – S6). These segments are involved in forming the pore (S5 – S6) and

voltage sensing (S4; reviewed in Catterall, 2000). Many types of VGCCs have been

found in vertebrates that vary in their voltage sensitivity, conductance, kinetics and

pharmacology. They can be categorized broadly into two main groups by their thresh-

old of activation: high-voltage-activated (HVA) channels that are activated at more

positve membrane potentials and low-voltage-activated (LVA) channels that are acti-

vated at lower membrane potentials. A recent nomenclature proposes a classification

into three structurally related families (Cav1, HVA; Cav2, HVA; Cav3, LVA; Ertel et

al., 2000). The Cav1-family (Cav1.1 – 1.4) comprises the historically dubbed L-type

channels that are ubiquitously expressed and can be selectively blocked by 1,4-dihy-

dropyridines, phenylalkylamines and benzothiazepines (Triggle, 2006). They play an

important role in activity dependent gene regulation, contraction in muscle cells and

hormone secretion. The Cav2-family (Cav2.1 – 2.3) comprises the formerly named

P/Q- (Cav2.1), N- (Cav2.2) and R-type channel (Cav2.3). These channels are promi-

nently found in neurons, especially in dendrites and nerve terminals, but also in the

soma (Cav2.3). They are mostly responsible for neurotransmitter release, dendritic

calcium transients and the generation of Ca2+-dependent action potentials (Cav2.3).

Except for R-type channels (Cav2.3), the channel types of this group can be selec-

tively blocked by toxins from either the grass spider Agelenopsis aperta (ω-agatoxins;

Cav2.1) or cone snails (Conus spec.; ω-conotoxins; Cav2.2; Randall and Tsien, 1995).
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The Cav3-family (Cav3.1 – 3.3) comprises the formerly named T-type channels. T-

type channels are found in muscle cells where they play an important part in smooth

muscle contraction and in neurons where they are involved in pacemaking, repetitive

firing and the generation of bursts or low-threshold spikes (Perez-Reyes, 2003). There

are no highly selective blockers available for T-type channels. They are, however,

sensitive to organic compounds, such as amiloride and mibefradil (Tang et al., 1988;

Mehrke et al., 1994).

1.1.6 Calcium hypothesis of brain aging

Impaired Ca2+ handling in neurons of the central nervous system can have dramatic

consequences. They range from altered neuronal output up to neuronal death, altered

behaviour or even disease (Marambaud et al., 2009). Even if the changes in Ca2+ home-

ostasis are only subtle, the effect on the organism can be profound over time. This

is the core idea of the ’calcium hypothesis’ of neuronal aging (Khachaturian, 1987;

Landfield, 1987). It proposes that during aging, the dysregulation of Ca2+ handling

increases the Ca2+ load on the cell resulting in a sustained elevation of intracellu-

lar free Ca2+ and subsequently leading to neuronal cell loss through the neurotox-

icity of Ca2+. The aspect of the neurotoxicity of increased free Ca2+ proved to be

incorrect for cognitive decline during aging but may still be valid for neurodegener-

ative diseases associated with aging, such as Alzheimer’s (Mattson and Chan, 2003;

Verkhratsky and Toescu, 2003). Nevertheless, subtle changes in Ca2+ homeostasis over

longer periods of time are still viewed as an important factor for impaired neuronal

function, synaptic activity and synaptic plasticity in old age (Toescu and Verkhratsky,

2007). Studies analyzing the Ca2+ homeostasis in aged animals found that in most

aged neurons not only the resting Ca2+ level does increase, but also the Ca2+ influx via
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voltage-gated Ca2+ channels (Kirischuk et al., 1992; Kirischuk and Verkhratsky, 1996;

Murchison and Griffith, 1995; Thibault and Landfield, 1996). Further studies indicate

that the Ca2+ buffering capacity of neurons also seems to play an important role in

the cognitive decline during aging (Tonkikh et al., 2006). However, the trend can vary

between peripheral and central neurons or even within a region (Pottorf et al., 2002;

Murchison and Griffith, 1998; Murchison and Griffith, 2007; Bu et al., 2003). Interest-

ingly, caloric restriction during aging had an impact on calcium buffering properties,

dampening the effects of aging on central nervous neurons (Hemond and Jaffe, 2005;

Murchison and Griffith, 2007). This demonstrates a possible connection between

diet and neuronal calcium homeostasis. Most studies concerning changes in calcium

homeostasis and impairment of neuronal activity focus on neurons involved in mem-

ory formation and cognition. The disregulation of calcium homeostasis in neurons of

the hypothalamus (e.g. POMC neurons), however, is not well understood. Moreover,

it is tempting to ask whether a high caloric diet (e.g. high-fat diet) has an impact on

the calcium homeostasis in POMC neurons. This, in turn, would have a dramatic im-

pact on the organism considering the important role POMC neurons play in energy

balance behaviour.
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2.1 Animal care

Care of all animals was within institutional animal care committee guidelines. All

animal procedures were approved by local government authorities (Bezirksregierung

Köln, Cologne, Germany) and were in accordance with NIH guidelines. Mice were

housed in groups of 3 – 5 at a temperature of 22 – 24 °C with a 12 h light/12 h dark cy-

cle. After weaning (P21), mice were either fed regular chow food (ND; Teklad Global

Rodent 2018; Harlan) containing 53.5 % carbohydrates, 18.5 % protein, and 5.5 % fat

(12 % of calories from fat) or a high-fat diet (HFD; C1057; Altromin) containing 32.7 %

carbohydrates, 20 % protein, and 35.5 % fat (55.2 % of calories from fat). Animals had

ad libitum access to water and chow at all times. Calcium handling was analyzed

in brain slices from P14 – P21 (3w), P105 – P140 (ND and HFD) and P304 – P334

(45w) old C57BL/6J mice expressing EGFP selectively in POMC neurons (Cowley et

al., 2001). The cellular properties of SIM1 neurons were determined in brain slices

from C57BL/6J mice expressing EGFP selectively in SIM1 neurons (Balthasar et al.,

2005). All mice used in this thesis were kindly provided by the lab of Jens Brüning.
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2.2 Preparation of brain slices

The animals were anesthetized with halothane (B4388; Sigma-Aldrich, Taufkirchen,

Germany) and decapitated. The brain was rapidly removed from the skull cavity,

cut at the brainstem and glued to a holding plate with superglue (Pattex Blitz Kle-

ber gel, Henkel, Düsseldorf, Germany). Coronal slices (250 – 300 µm) were cut with

a vibrating microtome (Microm HM 650 V; Thermo Scientific, Walldorf, Germany) in

4 °C cold, carbogenated (95 % O2/5 % CO2), glycerol-based, modified artificial cere-

brospinal fluid to enhance the viability of neurons (GaCSF; Ye et al., 2006). GaCSF con-

tained (in mM): 250 Glycerol, 2.5 KCl, 2 MgCl2, 2 CaCl2, 1.2 NaH2PO4, 10 4-(2-hydroxy-

ethyl)-1-piperazineethane sulfonic acid (HEPES), 21 NaHCO3, 5 Glucose, adjusted with

NaOH to pH 7.2, resulting in an osmolarity of 310 mOsm. All chemicals, unless

stated otherwise, were obtained from Sigma-Aldrich or Applichem (Darmstadt, Ger-

many) in analytical grade purity. The brain slices were then transferred into carbo-

genated artificial cerebrospinal fluid (aCSF). First, they were kept for at least 20 min

in a recovery bath at 35 °C and then kept at room temperature (24 °C, RT) for at

least 30 min prior to recording. The aCSF solution contained (in mM): 125 NaCl,

2.5 KCl, 2 MgCl2, 2 CaCl2, 1.2 NaH2PO4, 10 HEPES, 21 NaHCO3, 5 Glucose, adjusted

with NaOH to pH 7.2, resulting in an osmolarity of 310 mOsm. During the recordings,

slices were continuously superfused with aCSF at 2 – 3 ml/min. The slice was held in

place with a stainless steel slice hold-down with 1 mm thread spacing (SHD-26H/10,

Warner Instruments, Hamden, CT). Neurons were visualized by infrared differen-

tial interference contrast video-enhanced microscopy, with a charge-coupled device

(CCD) video camera (VX55, TILL Photonics, Planegg, Germany), mounted on a fixed

stage upright Olympus BX51WI microscope (Olympus, Hamburg, Germany) with 40x
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LUMplan FI/IR 0.8 and 60x LUMplan FI/IR 0.9 water immersion objectives (Dodt

and Zieglgänsberger, 1990). Healthy neurons were selected by the following criteria:

three-dimensional, non-transparent appearance, smooth and bright membrane. EGFP

expressing cells were visualized with widefield fluorescence microscopy using an X-

Cite 120 illumination system (EXFO Photonic Solutions, Ontario, Canada) in combi-

nation with a Chroma 41001 fluorescence filter set (EX: HQ480/40x, BS: Q505LP, EM:

HQ535/50m, Chroma, Rockingham, VT).

2.3 Electrophysiology

Membrane potential and ionic currents of POMC neurons were measured in cur-

rent and voltage clamp respectively using the patch-clamp technique in the whole-

cell configuration (Hamill et al., 1981). Electrodes with a tip resistance between 3

– 4 MΩ were produced with a temperature controlled pipette puller (PP-830; Nar-

ishige, London, UK) from borosilicate glass capillary tubing (GB150-8P, 0.86 x 1.5 x

80 mm, Science Products, Hofheim, Germany). Whole-cell patch-clamp recordings

were performed with an EPC9 patch-clamp amplifier (HEKA) controlled by the soft-

ware Pulse v8.63 (HEKA). The sample interval was 10 kHz; tail currents were sam-

pled at 20 kHz. The signal was filtered with a series combination of two short-pass

Bessel filters with a cut-off frequency of 2.9 kHz and 10 kHz. Pipette and membrane

capacitance were compensated using the automatic compensation circuit of the EPC9.

Voltage errors due to series resistance (RS) were minimized using the RS compen-

sation of the EPC9. RS compensation was set to 60 – 80% with a time constant (τ)

of 100 µs. To remove uncompensated leakage and capacitive currents, a p/6 pro-

tocol was used (Armstrong and Bezanilla, 1974). Stimulus protocols used for each

31



2 Methods

set of experiments are provided in the Results. The liquid junction potential against

the extracellular solution (see Neher, 1992) was calculated for each pipette solution

using Igor Pro v6.01 (WaveMetrics, Inc., Lake Oswego, OR) and Patcher’s Power-

tools plug-in for Igor Pro, v2.04 (Mendez and Würriehausen, Max-Planck-Institut

für biophysikalische Chemie, Abt. Membranbiophysik, Göttingen, Germany; http:

//www.mpibpc.mpg.de/groups/neher/core.php?page=software) and was compen-

sated.

Current clamp electrophysiology

For pure current clamp electrophysiology experiments, the patch pipette was filled

with a solution containing (in mM): 135 K-gluconate, 10 KCl, 2 MgCl2, 10 HEPES,

0.1 ethylene glycol tetraacetic acid(EGTA), 3 KATP, 0.3 NaGTP adjusted to pH 7.2 with

KOH resulting in ∼ 300 mOsm. Tolbutamide (200 µm; Sigma) was dissolved in di-

methyl sulfoxide (DMSO) and added to the normal aCSF with a final DMSO concen-

tration of 0.25 %. The DMSO concentration had no obvious effect on the investigated

neurons.

Calcium currents

To isolate Ca2+ currents, a combination of pharmacological blockers and ion substitu-

tion was used. The extracellular solution for measuring Ca2+ currents contained (in

mM): 103 choline-Cl, 2.5 KCl, 2 MgCl2, 3 CaCl2, 1.2 NaH2PO4, 10 HEPES, 21 NaHCO3,

5 Glucose, 0.001 tetrodotoxin (TTX, T-550, Alomone, Jerusalem, Israel), 4 4-aminopyri-

dine (4-AP), 20 tetraethylammonium (TEA)-Cl, 0.1 Picrotoxin (PTX), 0.05 D-2-amino-

5-phosphonopentanoate (D-AP5), 0.01 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX)

adjusted with NaOH to pH 7.2, resulting in an osmolarity of 310 mOsm. The pipette

32

http://www.mpibpc.mpg.de/groups/neher/core.php?page=software
http://www.mpibpc.mpg.de/groups/neher/core.php?page=software


2 Methods

solution contained in (mM): 133 CsCl, 2 MgCl2, 1 CaCl2, 10 HEPES, 10 EGTA, 3 KATP,

0.3 NaGTP adjusted to pH 7.2 with KOH, resulting in ∼ 290 mOsm.

Calcium imaging

For Ca2+ imaging experiments, the extracellular solution contained (in mM): 125 NaCl,

2.5 KCl, 2 MgCl2, 2 CaCl2, 1.2 NaH2PO4, 10 HEPES, 21 NaHCO3, 5 Glucose, 0.1 PTX,

0.05 D-AP5, 0.01 CNQX adjusted with NaOH to pH 7.2, resulting in an osmolarity of

310 mOsm. The pipette solution contained (in mM): 135 K-gluconate, 10 KCl, 2 MgCl2,

10 HEPES, 0.2 fura-2 (F1200, Invitrogen, OR, USA) adjusted to pH 7.2 with KOH, re-

sulting in ∼ 300 mOsm.

Data analysis

Steady-state, tail current activation data of the calcium currents were fit using a first-

order and second-order (n = 1,2) Boltzmann equation:

I
Imax

=
1

(1 + e
V−V0.5

s )n
(2.1)

Steady-state inactivation data were fit using a sum of two first-order Boltzmann equa-

tions (Wicher and Penzlin, 1997; Heidel and Pflüger, 2006):

Ii

Ii,max
=

1

(1 + e
V−Vi ,0.5

si )

, i = 1, 2 (2.2)

Imax is the maximal current, V is the voltage of the test pulse, I is the current at volt-

age V, s is the slope factor and V0.5 is the voltage at which half maximal activation

occurs. To describe the time course of calcium current inactivation kinetics, a sum of

exponential functions with up to two time constants (i = 1,2) was used:

Ii = Ai ⋅ e
−t
τi (2.3)
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Where τi is the time constant, Ai is the current amplitude at t = 0 and t is the time at

which the current Ii occurs. The recorded data was analyzed using the software Pulse,

Igor Pro v6.01 (WaveMetrics), Patcher’s Powertools plug-in for Igor Pro and Sigma

Stat (version 3.1; Systat Software Inc.). To determine differences in the mean values

between the different cohorts, ANOVA and post hoc Tukey’s multiple comparison

tests were performed. Significance was accepted at p ≤ 0.05. All calculated values

are expressed as mean ± standard deviation (SD). Box plot creation and statistical

analysis were performed with GraphPad Prism version 5.01 (GraphPad Software, La

Jolla, CA).

Current clamp data were analyzed using the NeuroMatic plug-in for Igor Pro (Ja-

son Rothman, http://www.neuromatic.thinkrandom.com/index.html) and Igor Pro.

Significance of differences between mean values was evaluated with paired and un-

paired t-tests. A significance level of 0.05 was accepted for all tests. To determine if

there was an effect of tolbutamide on the membrane potential the 3SD criterion was

used. A neuron was considered tolbutamide sensitive when the depolarization dur-

ing tolbutamide application was > 3SD of the control membrane potential and the

effect was reversible during wash-out (Kloppenburg et al., 2007; Ernst et al., 2009).

2.4 Fluorimetric calcium measurements

2.4.1 Imaging setup

The setup consisted of a fixed stage upright microscope (Olympus BX51WI) with a

20x XLUMPlan FI/0.95 NA water immersion objective and a C-Mount TV Magnifier

(2x and 4x magnification for the camera). For fluorescence excitation a Polychrome IV

Monochromator Xenon lamp (TILL-Photonics GmbH, Gräfeling, Germany) was used.
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Intracellular Ca2+ concentrations were measured with the Ca2+ indicator fura-2. The

neurons were loaded with fura-2 via the patch pipette and illuminated during data

collection with light from the polychromator (with a wavelength of 340 nm, 360 nm

or 380 nm), reflected onto the cell by a 410 nm dichroic mirror (DCLP410, Chroma,

Gräfeling, Germany). Emitted fluorescence was detected through a 440 nm long-pass

filter (LP440, Chroma) by an IMAGO 12-bit VGA CCD-camera (TILL-Photonics). The

camera and monochromator were controlled via TILLvisION software v4.0 (TILL-

Photonics). Data were acquired as 40x30 pixel frames using 8x8 on-chip binning.

Images were recorded in analog-to-digital units (ADUs) and stored and analyzed as

12-bit grayscale images. To calculate the kinetics, the mean value of ADU within re-

gions of interest (ROIs) from the center of the soma were used. ROIs were adjusted

to each cell. For background subtraction, a second ROI containing unmarked tissue

was chosen. To correct for increased fluorescence levels of the ROI positioned over the

cell body compared to the ROI from the background (possibly due to EGFP fluores-

cence), a background correction factor was calculated for each excitation wavelength

by dividing the mean ADU of the cellbody before break-in over the mean ADU of

the background before break-in. The background fluorescence was multiplied by the

correction factor and was then subtracted from the fura-2 fluorescence (see Lee et al.,

2000, Fig. 2.1).
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2.4.2 Experimental procedures

After establishing the whole-cell configuration, neurons were voltage clamped at

-80 mV and intracellular dye loading was monitored at 360 nm excitation, the isos-

bestic point of fura-2. Frames were taken at 30 s intervals (7 ms exposure time). The

intracellular fura-2 concentration was estimated for different times during the loading

curve, assuming that cells were fully loaded when the fluorescence reached a plateau

and that the fura-2 concentration in the cell and in the pipette is the same (200 µM;

Lee et al., 2000). To measure the resting calcium level of the neuron immediately after

break-in and to monitor the physiological status of the cell, loading curves were also

measured at 340 and 380 nm excitation. During fura-2 loading, voltage-activated Ca2+

influx was induced by stepping the voltage-clamped membrane potential to 10 mV

for 100 ms. To monitor the elicited Ca2+ transients ratiometrically, pairs of images at

340 nm (15 ms exposure time) and 380 nm (6 ms exposure time) excitation were ac-

quired at 13.3 Hz for 12 s. Typically, three Ca2+ transients were elicited during loading

at different intracellular fura-2 concentrations approximately 300, 600 and 1200 s after

establishing the whole-cell configuration (see also Results, Fig. 3.9).

2.4.3 Data analysis of fluorimetric calcium measurements

Calibration of fura-2

To determine the intrinsic buffering and extrusion values for POMC neurons, the

’added buffer’ approach was used (Neher and Augustine, 1992; Helmchen et al., 1997).

Procedures and data analysis were adapted from Pippow et al. (2009) and are briefly

described here. For a detailed description, please refer to the original publication. Cal-

ibration constants for fura-2 were determined according to Grynkiewicz et al. (1985),
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Figure 2.1: Background fluorescence subtraction. (A1 – 3) Fluorescence images of the recording sit-
uation with 340 nm (A1), 360 nm (A2) and 380 nm (A3) excitation wavelength. The black circle in
A1 displays the region of interest over the soma of the neuron, the grey circle displays the ROI over
unmarked tissue. Note that EGFP fluorescence could be detected with 380 nm excitation wavelength
(A3). (B1 – 3) Mean fluorescence intensity over both ROIs with 340 nm (A1), 360 nm (A2) and 380 nm
(A3) excitation wavelength plotted over time. Black trace representing the ROI over the soma, grey
trace the ROI over the unmarked tissue. The trace was recorded during a ’blank’ experiment where
the same experimental procedure for the Ca2+ imaging experiments was followed but without fura-2
in the pipette solution. Note that there is a linear relationship between the background fluorescence
and the fluorescence of the cell. (C) Plot of the mean fluorescence of the ROI over the cell against the
mean fluorescence of the ROI over the unmarked tissue with 340 nm (A1), 360 nm (A2) and 380 nm
(A3) excitation wavelength. The linear relationship allows to determine a correction factor by dividing
the mean ADU of the cellbody before break-in over the mean ADU of the background before break-in.
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Poenie (1990) and Zhou and Neher (1993) as described in Pippow et al. (2009).

The ability of EGTA to bind calcium is highly dependent on the environmental con-

ditions such as ionic strength, temperature, pH and the concentrations of other metals

that compete for binding (Harrison and Bers, 1987; Harrison and Bers, 1989). In the-

ory the necessary amount of Ca2+ and EGTA to set the free Ca2+ concentration for the

experimental conditions can be calculated (Patton et al., 2004). However, small vari-

ations in the parameters such as pH, temperature, impurities of chemicals, pipetting

or weighing errors can lead to considerable errors when estimating the free Ca2+ con-

centration in EGTA-buffered Ca2+ solutions with computer programs (McGuigan et

al., 2007). To account for such variations, the free Ca2+ concentration in the calibra-

tion solutions was determined by using a Ca2+ selective electrode following the guide

from McGuigan et al. (1991). Calibration solutions were prepared as follows (in mM):

Rmax: 140 KCl, 2.5 KOH, 15 NaCl, 1 MgCl2, 5 HEPES, 10 CaCl2 and 0.05 fura-2; Rmin:

129.5 KCl, 13 KOH, 15 NaCl, 1 MgCl2, 5 HEPES, 4 EGTA and 0.05 fura-2; Rdef: 129.5

KCl, 13 KOH, 10.3 NaCl, 4.7 NaOH, 1 MgCl2, 5 HEPES, 4 EGTA, 2.7 CaCl2 and 0.05

fura-2, yielding a free Ca2+ concentration of 0.35 µM. All solutions were adjusted to

pH 7.2 with HCl.

The measured fluorescence ratio R can be converted to the intracellular calcium

concentration ([Ca2+]i) using:

[Ca2+]i = Kd, f ura,e f f
R − RminP
RmaxP − R

(2.4)

Where Rmax is the fluorescence ratio at saturating Ca2+ concentrations and Rmin the

ratio under Ca2+ free conditions. P is a correction factor for Rmax and Rmin to ac-

count for differences between cytosol and the calibration solution (see Poenie, 1990).

Kd, f ura,e f f is the effective dissociation constant of fura-2, independent of the dye con-

centration and specific for each experimental setup (see Neher, 1989). Kd, f ura,e f f is
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defined as:

Kd, f ura,e f f = [Ca2+]i
Rmax − R
R − Rmin

(2.5)

To determine the endogenous Ca2+ binding ratio, the dissociation constant (Kd, f ura)

was by calculated using (Zhou and Neher, 1993):

Kd, f ura = Kd, f ura,e f f
Rmin + α

Rmax + α
(2.6)

To compensate differences in signal intensity at 340 and 380 nm excitation of fura-2,

the isocoefficient factor α is also needed to calculate Kd, f ura. It is the factor for which

the sum:

Fi(t) = F340(t) + αF380(t) (2.7)

is independent of the Ca2+ concentration (Fig. 2.2). F340 and F380 are background sub-

tracted fluorescence signals measured during a brief Ca2+ transient.

In the cell Ca2+ is bound to the Ca2+ buffers fura-2 and to the immobile endoge-

nous buffer, which are both assumed to be always in equilibrium with free Ca2+ and

unsaturated. The ability of the experimentally introduced exogenous buffer to bind

Ca2+ is described by its Ca2+ binding ratio that is defined as the ratio of the change in

buffer-bound Ca2+ over the change in free Ca2+ :

κB =
d[BCa]

d[Ca2+]i
=

[BT]Kd,B

([Ca2+]i + Kd,B)2 (2.8)

Where [BCa] is the concentration of the exogenous buffer (fura-2) in its Ca2+ bound

form, [BT] is the total concentration of the exogenous buffer B and Kd,B is its dissocia-

tion constant for Ca2+ .
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Figure 2.2: Estimation of the isocoefficient α. The isocoefficient α must be known to calculate the
dissociation constant of the Ca2+ indicator fura-2 (Kd, f ura; Equation 2.6). The isocoefficient is the factor
for which Fi(t) = F340(t) + αF380(t) is independent of [Ca]i. F340 and F380 are the fluorescence signals
for a Ca2+ transient measured (A) at 340 and (B) at 380 nm excitation, respectively. (C) α is determined
by iteration, optimizing Fi(t) to a horizontal line for the decay of the signals. t = 0 s is the start of the
fluorescence signal.
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Single compartment model of calcium buffering

For measurements of intracellular Ca2+ concentrations with Ca2+ chelator-based in-

dicators, the amplitude and time course of the signals are dependent on the con-

centration of the Ca2+ indicator (in this case fura-2). Fura-2 enters the cell via the

patch pipette and acts as an exogenous (added) Ca2+ buffer, competing with the en-

dogenous buffer (Neher and Augustine, 1992; Tank et al., 1995; Helmchen et al., 1997;

Helmchen and Tank, 2005). With the ’added buffer’ approach (Neher and Augustine,

1992), the capacity of the immobile endogenous Ca2+ buffer in a cell is determined by

measuring the decay of the Ca2+ signal at different concentrations of ’added buffer’

and by extrapolating to conditions in which only the endogenous buffer is present.

Assuming a constant [Ca2+]i, a constant exogenous buffer concentration and Ca2+

transients smaller than 0.5 Kd, f ura (see Neher and Augustine, 1992; Tank et al., 1995;

Pippow et al., 2009) the model describes the decay of a voltage induced Ca2+ transient

as:

τtransient =
1 + κB + κS

γ − ((1 + κS)/τloading)
(2.9)

τtransient is proportional to κB. A linear fit to the data has its negative x-axis intercept

at 1 + κB, yielding the endogenous Ca2+ binding ratio of the cell. The slope of this fit

is the inverse Ca2+ extrusion rate γ. The y-axis intercept yields the time constant τendo

for the decay of the Ca2+ transient as it would appear in the cell without exogenous

buffer.
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Fitting the loading curve

Fluorescence was measured at the isosbestic wavelength of fura-2 to monitor loading

of fura-2 into the neurons. The loading curves were fit with the exponential function:

Y = Ymax(1 − e(−(t−tbi)/τloading)) (2.10)

Y is the fluorescence intensity in ADU or, after rescaling, the concentration of fura-2.

Ymax is the plateau of fluorescence or maximum concentration of fura-2 (200 µM),

τloading is the loading time constant, tbi is the time of break-in. Initially, the data were

fit with Eq. 2.10 using the least squares method implemented by the ’R function’ nls

(Nonlinear Least Squares, R Development Core Team; 2007, R: A language environ-

ment for statistical computing; R Foundation for Statistical Computing, Vienna, Aus-

tria; http://www.R-project.org). Reasonable ’initial guesses’ were obtained by the ’R

function’ SSasympOff (Asymptotic Regression Model with an Offset, R Development

Core Team; 2007). To determine the absolute fura-2 concentration during the time

course of the experiment the fluorescence intensity was scaled to fura-2 concentra-

tions (Ymax = 200 µM) and the rescaled data were fit again with Eq. 2.10. This fitting

procedure describes the overall loading process very well. On a shorter time scale,

however, the data sometimes fluctuated around the fit (Fig. 2.3, A), probably due to

changes in access resistance (Helmchen et al., 1996). Improved estimates of the fura-2

concentration at any time throughout the loading could be obtained from subsequent

smoothing spline fits (Fig. 2.3, B; Green and Silverman, 2000), which were computed

with the ’R function’ smooth.spline (R Development Core Team; 2007). For the analy-

sis of calcium buffering, the fura-2 concentrations obtained from the smoothing spline

fit were used.
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Fitting the transients

Fluorescence ratios (R) from 340 and 380 nm excitation after a brief voltage-activated

Ca2+ influx were recorded to monitor the time course of [Ca2+]i transients. Values

for each wavelength were acquired in ADU from a ROI from the center of the soma.

The ADU counts of each wavelength were used to compute ratios that were then

transformed to absolute Ca2+ concentrations as described above. The decay of the

transient was fit with the monoexponential function:

[Ca2+]i(t) = Sdri f tt + [Ca2+]i,0 e−t/τtransient (2.11)

Sdri f tt is a linear drift term taking bleaching into account (with Sdri f t for the slope

and t for time), [Ca2+]i,0 the amplitude of the signal at its peak and τ is the decay

constant. Parameters of Eq. 2.11 were estimated using the ’R function’ nls (R Devel-

opment Core Team; 2007). Starting values for Sdri f t were obtained from the slope of

the baseline, for [Ca2+]i,0 by subtracting the baseline of the signal from the peak am-

plitude, and for τ from the time point where the amplitude had decreased e-fold.

Fitting the linearized model

Time constants of transients were plotted as a function of κB values and fit with a

linear function:

Y = β0 + β1x (2.12)

using the ’R function’ lm (R Development Core Team; 2007). To estimate the variance

of the slope (extrusion rate γ), the y-axis intercept (endogenous decay constant τ) and

the negative x-axis intercept (endogenous Ca2+ binding ratio κS), we used the boot-

strap method (Efron, 1979; Aponte et al., 2008) implemented in the boot library in R
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(fixed-x resampling, 1000 bootstrap samples, boot: Bootstrap R Functions, R package

version 1.2-27). This resulted in bootstrap distributions (n = 1000) for each of the pa-

rameters (i.e. extrusion rate γ, endogenous decay constant τ and endogenous Ca2+

binding ratio κS). The distributions were log-transformed to make them closer to a

Gaussian. To determine differences in the mean values between the different cohorts,

ANOVA and post hoc pairwise comparisons were performed using t-tests with the

Holm method for p-value adjustment. Significance was accepted at P ≤ 0.05. All

calculated values are expressed as mean ± SD.

Calibration of the Ca2+ selective electrode

To calibrate the Ca2+ selective electrode, the approach described by McGuigan et al.

(1991) was followed. Five electrode calibration solutions with increasing Ca2+ con-

centration were prepared containing (in mM): 140 KCl, 2.5 KOH, 15 NaCl, 1 MgCl2, 5

HEPES and 10, 4, 1, 0.4, 0.2 CaCl2, respectively. Additionally, the following solutions

were prepared: an ’EGTA solution’ containing (in mM): 129.5 KCl, 13 KOH, 15 NaCl,

1 MgCl2, 5 HEPES, 4 EGTA and a ’Ca-EGTA solution’ containing (in mM): 129.5 KCl,

13 KOH, 8 NaCl, 7 NaOH, 1 MgCl2, 5 HEPES, 4 EGTA, 4 CaCl2. All solutions were ad-

justed to pH 7.2 with HCl. Twelve EGTA/Ca-EGTA solutions were mixed in ratios of:

1:10, 1:9, 1:8, 1:7, 1:6, 1:5, 1:4, 1:3, 1:2, 3:1, 5:1, 9:1. Using a Ca2+ selective macroelectrode

(Ca 800, Wissenschaftlich- Technische Werkstätten GmbH, Weilheim, Germany), the

potentials of the electrode calibration solutions, as well as the EGTA/Ca-EGTA mix-

tures, were measured in order from the highest to the lowest free Ca2+ concentration.

After measuring the last solution, the potential of the initial solution was measured

again to check for a possible drift of the macroelectrode in which case the potentials

were drift corrected. The measured potentials in the Ca2+ calibration solutions can be
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Figure 2.3: Fitting the loading curves. Loading curves were acquired as in Fig. 3.9. The data (in ADU)
were fit with a monoexponential function (Eq. 2.10). To obtain the fura-2 concentration during mea-
surement of the transients, the data were scaled to fura-2 concentrations with Ymax = 200 µM, the fura-2
concentration in the recording pipette. The scaled data were fit again with Eq. 2.10. This fit (shown
in A) describes the overall loading process very well. On a shorter timescale, however, the data some-
times fluctuated around the fit, propably caused by a changing Rs. Improved, time resolved estimates
of the fura-2 concentrations could be obtained from a subsequent smoothing spline fit (shown in B).
The residuals demonstrate the improvement of the fit.
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described by the Nernst equation (Nernst, 1888) and can thus be used to determine

the slope of the electrode (change in potential per change in 10-fold Ca2+concentration

in mV ⋅ pCa-1). In contrast, the potentials of the buffer solutions cannot be described

by the Nernst equation, because their free Ca2+concentrations are in the nanomolar

range, where the slope of the electrode becomes nonlinear. In this case the Nikolsky-

Eisenmann equation relates the measured potentials in the buffer solutions to free

Ca2+ concentrations (Kay et al., 2008):

E = E0 + s log
([

X2+
]
+ ∑

)
(2.13)

E is the measured potential of the electrode in mV, E0 is the standard electrode po-

tential in mV, s is the slope of the electrode in mV ⋅ pCa-1,
[
X2+] is the free Ca2+

concentration in mol ⋅ l-1 and ∑ is an interference constant accounting for nonlinear-

ity of the slope in the nanomolar range in mol ⋅ l-1.
[
X2+] can be calculated from the

total added Ca2+ concentration [X]T, the total EGTA concentration [Ligand]T and the

EGTA dissociation constant Kapp:

[
X2+

]
=

b +
√

b2 + 4Kapp [X]T

2
(2.14)

where,

b = −
(
Kapp + [Ligand]T − [X]T

)
(2.15)

There are three unknown parameters, which must be calculated, namely [Ligand]T,

Kapp, and ∑ in the Nicolsky-Eisenman equation. In Luthi et al. (1997), a cyclic iterative

scheme was used to calculate the [Ligand]T and Kapp parameters, but a fixed value for

the parameter ∑ (see McGuigan et al., 2006 for details) was used. When these para-

meters are known, the free Ca2+ concentration of the buffer solutions can be calculated
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with the Nikolsky-Eisenman equation. All calculations were performed in R using the

’R function’ ALE (Automatic determination of Ligand purity and Equilibrium disso-

ciation constant; Kay et al., 2008).

2.5 Single cell labeling and microscopy

To label single cells, 0.1 % biocytin (B4261; Sigma-Aldrich) was added to the pipette

solution (Horikawa and Armstrong, 1988). After the recordings, the slices were fixed

in Roti-Histofix (P0873; Carl Roth) overnight at 4 °C and rinsed in 0.1 M 2-amino-2-

(hydroxymethyl)-1,3-propanediol (TRIS)-HCl-buffered solution (TBS), pH 7.2 (three

times for 10 min each time). To facilitate the streptavidin penetration, the slices were

incubated in TBS containing 1 % Triton X-100 (30 min; RT; Serva). Afterwards, the

slices were washed in TBS (3x, RT) and incubated in Alexa Fluor 633 (Alexa 633)-

conjugated streptavidin (1:600; 1 – 2 d; 4 °C; S21375; Invitrogen) that was dissolved

in TBS containing 10 % normal goat serum (S-1000; Vector Labs). The slices were

rinsed in TBS (three times for 10 min each and one over night at 4 °C), dehydrated

in an alcohol series consisting of 50, 70, 90 and 2 times 100 % ethanol (Serva), treated

with xylene for 10 min, and mounted in Permount (SP15B; Thermo Fisher Scientific).

Fluorescence images of the labeled neurons were captured with a confocal mi-

croscope (LSM 510; Carl Zeiss) equipped with a Plan-Neofluar 10x 0.3 NA objective.

Streptavidin-Alexa 633 was excited at 633 nm using a Helium-Neon laser. Emission of

Alexa 633 was collected through a 650 nm LP filter. For overviews, overlapping stacks

were acquired and merged using the photomerge function in Photoshop CS2 (Adobe

Systems). Calibration, noise reduction, and z-projections were done using ImageJ,

version 1.42i, with the WCIF plugin bundle (http://www.uhnresearch.ca/facilities/
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wcif/).
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3 Results

The main objective of this thesis was to better understand the cellular properties of

identified hypothalamic neurons that regulate energy homeostasis and in addition,

set the stage for future experiments. The goal was approached in two parts.

First, to better understand the calcium handling in first-order neurons of the energy

homeostatic network (POMC neurons) and how it is influenced during maturation by

a high-fat diet, the calcium current in POMC neurons was characterized with whole-

cell voltage clamp recordings. Furthermore, the calcium buffering capacity and extru-

sion rate of POMC neurons using the ’added buffer’ approach were determined. This

was achieved by performing ratiometric calcium imaging experiments in combination

with whole-cell recordings of identified POMC neurons.

Second, potential candidates for second-order neurons to POMC neurons in the

PVH were characterized, performing whole-cell patch-clamp current clamp record-

ings in a genetically identified subpopulation of PVH neurons: SIM1 neurons.

3.1 POMC neuron morphology

To characterize their morphological properties, POMC neurons expressing EGFP were

recorded with the whole-cell patch-clamp technique in the living brain slice, filled
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with biocytin and stained after fixation with Alexa633-streptavidin (n=35). The mor-

phology varied substantially between recorded POMC neurons (Fig. 3.1). In some

cases the neurons had dendritic arborizations in the ARC and extended axonal pro-

jections in a medio-lateral or ventral direction (Fig. 3.1, A). In other cases, especially

neurons located around the median eminence and close to the third ventricle, showed

very sparse or no dendritic arborization (Fig. 3.1, B). Despite this morphological het-

erogeneity, apparent differences in the electrophysiological responses in current and

voltage clamp recordings could not be detected using our experimental paradigms.

Therefore, the Ca2+ currents that are presented in the following section were pooled

for analysis.

50



3 Results

3V

3V

ME

ME

A B

* * * *

* *

Figure 3.1: Morphology of POMC neurons. (A) Maximum intensity projection of a confocal image
stack. Morphology of exemplary POMC neurons that were stained with biocytin/Alexa Fluor 633-
streptavidin. Note that the neurons qualitatively differ in their dendritic arborization pattern and the
direction of their thin axonal projecting processes (arrowheads) or lack thereof. (B) Morphology of
two representative POMC neurons located around the median eminence. Note that the neurons qual-
itatively lack elaborate dendritic arborizations but display relatively short and broad processes which
end in short and diffuse terminals (arrowheads). The somata of the neurons are marked by an asterisk
(*). Scale bar in A: 250 µm, in B: 100 µm. 3V: third ventricle, ME: median eminence.
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3.2 Voltage-activated calcium currents in POMC neurons

Voltage-activated calcium currents (ICa) from a total of 142 POMC neurons were re-

corded with the patch-clamp technique in the whole-cell voltage clamp configuration.

Other ionic currents were reduced by application of known specific blockers and ion

substitution (Hille, 2001; see Methods). Given that POMC neurons have a relatively

complex morphology (Fig. 3.1), proper voltage clamp is difficult to achieve (Arm-

strong and Gilly, 1992; White et al., 1995). However, recordings did not indicate poor

voltage clamp (delay of current onset, jumps in the voltage dependence), suggest-

ing that the recorded currents originated from well clamped regions of the neuron.

Recordings with high access resistances (> 16 MΩ) were discarded.

ICa was recorded in POMC neurons of the arcuate nucleus (ARC) from four different

cohorts: P14 – 21 suckling milk (3w), P105 – 140 normal diet (ND), P105 – 140 high-fat

diet (HFD) and P304 – 334 normal diet (45w) mice. For these cohorts, steady-state

activation, capacitance, current density, steady-state tail current activation, steady-

state inactivation and inactivation kinetics were determined and compared to detect

possible age and diet dependent changes of ICa in POMC neurons. For steady-state

activation, current density and steady-state tail current activation, the overall current

was activated from a holding potential (Ehold ) of -100 mV and from Ehold -50 mV to

isolate the high-voltage-activated (HVA) currents.

3.2.1 Current/voltage relationship

To determine the I/V relationship, ICa was elicited with steady state activation and

tail current activation protocols.
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Steady-state activation

To measure steady state activation, the neurons were depolarized for 50 ms from Ehold

to 50 mV in 5 mV steps. During a depolarizing pulse, the total current activated

quickly and decayed relatively slowly (Fig. 3.2, A, Ehold -100 mV). The HVA cur-

rents also activated quickly but had a smaller amplitude and a slower decay (Fig. 3.2,

A, Ehold -50 mV). The capacitance for each neuron was measured, allowing to calcu-

late the current density (Fig. 3.2, B). Compared to all other cohorts, the HFD cohort

showed a greater maximal peak current density of the overall current (Fig. 3.3, A1 &

A2) and of the HVA currents, indicating an increase of voltage-activated Ca2+ influx

as a result of the high-fat diet (Fig. 3.3, B1 & B2). For the total current, the command

potential where activation of the peak current amplitude is maximal (Vmax) was more

depolarized in the 3w cohort compared to all other cohorts (Fig. 3.3, C). This indicates

that for the total current of ICa, but not for HVA currents, there is a slight shift to-

wards a more depolarized Vmax during the transition from suckling to weaned mice.

For HVA currents, Vmax was more hyperpolarized in the 45w cohort compared to all

other cohorts (Fig. 3.3, D). This suggests that there is a shift in Vmax of HVA currents to-

wards a more hyperpolarized potential during the aging from young to mature (P304

– 334) mice.

The command potentials at which the currents activated (-70 mV for the total cur-

rent, -50 mV for the HVA currents) were not significantly different in all cohorts. The

values of the steady-state activation parameters of ICa for all cohorts are summarized

in Tab. 3.1.
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Figure 3.2: Steady-state activation of voltage-activated calcium currents (ICa) measured in POMC
neurons of mice from the ND cohort. (A) Example current traces for steady-state activation of ICa
from a holding potential (Ehold ) of -100 mV and -50 mV respectively. The neurons were depolarized
for 50 ms to at least 20 mV in 5 mV increments. (B) Cell capacitance was not significantly different be-
tween cohorts. For capacitance mean values see Tab. 3.1. (C) Voltage dependence of peak ICa for the
ND cohort representative for the other cohorts. Absolute current data from single neurons with Ehold
-100 mV (n=31) and -50 mV (n=37). (D) Current density/voltage relation representative for the other co-
horts. Current density was calculated from the ratio of ICa and the capacitance of the neuron. Absolute
current data from single neurons with Ehold -100 mV and -50 mV. (E) Current density/voltage relation
with Ehold -100 mV and Ehold −50 mV. Averaged data. The mean maximal current density with Ehold
-100 mV was -59.63 ± 10.74 mV and with Ehold -50 mV, −36.77 ± 9.08 mV. (F) I/V relation of peak ICa
normalized to the peak current of each cell with Ehold -100 mV and Ehold -50 mV. For Ehold -100 mV, the
current is activated at command potentials more depolarized than -70 mV with a maximum at -10.94 ±
3.46 mV and with Ehold -50 mV at command potentials more depolarized than -50 mV with a maxmium
at -8.03 ± 2.48 mV. Averaged data. Error bars in E and F show SD.
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Figure 3.3: ICa current density and I/V relation in different age and diet cohorts. (A1) Current den-
sity/voltage relation of ICa recorded from P14 – 21 suckling milk (3w), P105 – 140 normal diet (ND),
P105 – 140 high-fat diet (HFD) and P304 – 334 normal diet (45w) mice with Ehold -100 mV. Averaged
data. In all cohorts, the current is activated at command potentials more depolarized than -70 mV. (A2)
Mean maximal current densities with Ehold -100 mV were as follows: 3w, -54.24 ± 14.87 pA/pF; ND,
-59.63 ± 10.74 pA/pF; HFD, -69.50 ± 12.23 pA/pF; 45w, -53.95 ± 9.48 pA/pF. The increase of the mean
maximal current density of the HFD cohort compared to all other cohorts was statistically significant.
(B1) Current density/voltage relation for the same cohorts with Ehold -50 mV. (B2) Mean maximal cur-
rent densities with Ehold -50 mV were as follows: 3w, -36.95 ± 9.22 pA/pF; ND, -36.77 ± 9.08 pA/pF;
HFD, -43.59 ± 10.40 pA/pF; 45w, -29.79 ± 3.874 pA/pF. The increase of the mean maximal current
density of the HFD cohort compared to all other cohorts was statistically significant. (C) I/V relation
of peak ICa normalized to the maximal current of each cell with Ehold -100 mV. Averaged data. In all
cohorts, the current is activated at command potentials more depolarized than -70 mV. The values for
the command voltage where the peak current reached its maximum (Vmax) were as follows: 3w, -7.41
± 2.87 mV; ND, -10.94 ± 3.46 mV; HFD, -10.47 ± 4.47 mV; 45w, -10.56 ± 2.92 mV. In the 3w cohort, Vmax
is significantly more positive compared to all other cohorts (3w vs ND,HFD: p < 0.01; 3w vs 45w:
p < 0.05). (D) I/V relation of peak ICa normalized to the maximal current of each cell with Ehold -50 mV.
Averaged data. In all cohorts, the current is activated at command potentials more depolarized than
-50 mV. The values for Vmax were as follows: 3w, -7.57 ± 2.79 mV; ND, -8.06 ± 2.47 mV; HFD, -7.78 ±
2.53 mV; 45w, -10.50 ± 1.58 mV. In the 45w cohort, Vmax is significantly more negative compared to all
other cohorts (45w vs 3w, p < 0.01; 45w vs ND,HFD, p < 0.05). Error bars in A1, B1, C and D show
standard error of mean (SEM). Asterisks mark the level of significance: *** p < 0.001, * p < 0.05.
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Table 3.1: Summary of steady-state activation parameters of ICa.

3w ND HFD 45w

Whole cell
capacitance (pF)

13.67
± 2.86
(n=33)

15.42
± 2.43
(n=50)

13.94
± 3.8
(n=35)

13.97
± 3.78
(n=24)

Max current
density

Ehold 100mV
(pA/pF)

54.24
± 14.87
(n=29)

59.63
± 10.74
(n=31)

69.50
± 12.23
(n=32)

53.95
± 9.48
(n=24)

Max current
density

Ehold 50mV
(pA/pF)

36.95
± 9.22
(n=29)

36.77
± 9.08
(n=37)

43.59
± 10.40
(n=27)

29.79
± 3.87
(n=10)

VmaxEhold 100mV
(mV)

7.41
± 2.87

10.94
± 3.46

10.47
± 4.47

10.56
± 2.92

VmaxEhold 50mV
(mV)

7.57
± 2.79

8.06
± 2.47

7.78
± 2.53

10.5
± 1.58
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Tail current activation

The voltage dependence of the activation of ICa was determined independent of the

changing driving force by tail current activation protocols. The tail currents were

evoked by 5 ms voltage steps from Ehold to 40 mV in 5 mV increments (Fig. 3.4, A).

The I/V relations were normalized to the maximal tail current of each cell and fit

to first and second-order Boltzmann equations (Eq. 2.1) for Ehold -50 mV and Ehold

-100 mV respectively (Fig. 3.4, B – C).

The Boltzmann fits revealed the voltage where halfmaximal activation occurs (V0.5,act)

and the slope factor (sact). Compared to all other cohorts, V0.5,act was more depolar-

ized in the 3w cohorts, for the total current as well as for HVA currents (Figs. 3.4, D1

& D2; 3.5, A & B). Differences in V0.5,act between all other cohorts were not statistically

significant for total current and HVA currents.

Additionally, sact was slower in the 3w cohort, compared to all other cohorts, again,

for total current (Figs. 3.4, D1; 3.5, C) as well as HVA currents (Figs. 3.4, D2; 3.5, D).

Taken together, these data suggest a shift in I/V relations of ICa during the transition

from suckling to weaned mice.

Differences in sact between all other cohorts were not statistically significant for total

current and HVA currents.

The values of the tail current activation parameters for all cohorts are summarized

in Tab. 3.2.
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Figure 3.4: Tail current activation of ICa. (A) Example current traces for steady-state activation of tail
currents from Ehold -100 mV and Ehold -50 mV respectively from the ND cohort. Tail currents were
evoked by 5 ms voltage steps from Ehold to at least 20 mV in 5 mV increments. (B) I/V relations of
tail currents normalized to the maximal tail current of each cell. Data from single neurons from the
ND cohort with Ehold -100 mV (n=40) and -50 mV (n=37). (C) Mean I/V relations of steady-state tail
current activation with Ehold -100 mV and Ehold -50 mV. Fits to second and first-order Boltzman relations
(Eq. 2.1) respectively, revealed the following parameters: with Ehold -100 mV, voltage for half-maximal
activation (V0.5,act) = -33.06 ± 2.77 mV, slope factor (sact) = 11.69 ± 3.1 (n=40); with Ehold -50 mV, V0.5,act =
-19.36 ± 3.14 mV, sact = 6.32 ± 1.17 (n=37). Error bars show SD. (D1) Mean I/V relations of steady-state
tail current activation for all cohorts and Ehold -100 mV. Averaged data. Fits to second-order Boltzman
relations revealed the following parameters: 3w, V0.5,act = -28.94 ± 3.02 mV, sact = 13.81 ± 3.6; ND, V0.5,act
= -33.06 ± 2.77 mV, sact = 11.69 ± 3.1; HFD, V0.5,act = -31.29 ± 3.37 mV, sact = 11.35 ± 3.05; 45w, V0.5,act = -
31.58 ± 2.51 mV, sact = 11.20 ± 2.41. (D2) Mean I/V relations of steady-state tail current activation for all
cohorts and Ehold -50 mV. Averaged data. Fits to first-order Boltzman relations revealed the following
parameters: 3w, V0.5,act = -15.79 ± 3.44 mV, sact = 7.07 ± 0.91; ND, V0.5,act = -19.36 ± 3.14 mV, sact = 6.32
± 1.17; HFD, V0.5,act = -18.90 ± 2.39 mV, sact = 6.27 ± 0.69; 45w, V0.5,act = -19.92 ± 2.33 mV, sact = 6.11 ±
0.84. Error bars in D1 and D2 show SEM.
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Figure 3.5: Tail current parameters from all cohorts. (A) Box plot of V0.5,act with Ehold -100 mV for
all cohorts. Compared to all other cohorts V0.5,act is significantly more depolarized in the 3w cohort.
(B) Box plot of V0.5,act with Ehold -50 mV for all cohorts. (C) Box plot of sact with Ehold -100 mV for all
cohorts. Compared to all other cohorts sact is significantly smaller in the 3w cohort. Compared to all
other cohorts V0.5,act is significantly more depolarized in the 3w cohort. (D) Box plot of sact with Ehold
-50 mV for all cohorts. Compared to all other cohorts sact is significantly smaller in the 3w cohort. For
details see Tab. 3.2 and Fig. 3.4, D1 and D2. Asterisks mark the level of significance: *** p < 0.001,
* p < 0.05.

59



3 Results

Table 3.2: Summary of steady-state tail current activation parameters of ICa.

3w ND HFD 45w

V0.5,act Ehold -100mV
(mV)

-28.94
 ± 3.02
(n=29)

-33.06
 ± 2.77
(n=40)

-31.29
 ± 3.37
(n=29)

-31.58
 ± 2.51
(n=9)

V0.5,act Ehold -50mV
(mV)

-15.79
 ± 3.44
(n=26)

-19.36
 ± 3.14
(n=37)

-18.90
 ± 2.39
(n=29)

-19.92
 ± 2.33
(n=14)

sact Ehold -100mV 13.81
 ± 3.6

11.69
 ± 3.15

11.35
 ± 3.05

11.20
 ± 2.41

sact Ehold -50mV 7.07
 ± 0.91

6.32
 ± 1.17

6.27
 ± 0.69

6.11
 ± 0.84
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3.2.2 Steady-state inactivation

Steady-state inactivation was measured from a holding potential of Ehold -100 mV. Cal-

cium currents were elicited by a 5 ms test pulse to 0 mV. The test pulse was preceded

by 500 ms pulses increasing from -95 to 0 mV in 5 mV increments (Fig. 3.6, A). The

I/V relations were normalized to the maximal peak current of the test pulse for each

cell. The steady-state inactivation of ICa started at prepulse potentials greater than

-70 mV and increased with the amplitude of the depolarizing prepulse for all cohorts

(Fig. 3.6, B & C). The normalized I/V relations were well fit with the sum of two

Boltzmann equations (Eq. 2.2) indicating the existence of at least two inactivation pro-

cesses (Fig. 3.6, C, D1 – E2). The steady-state inactivation parameters for all cohorts

are summarized in Tab. 3.3.

Table 3.3: Summary of steady-state inactivation parameters of ICa.

3w ND HFD 45w

V1,0.5 (mV) 39.52
± 5.62
(n=23)

36.32
± 4.39
(n=24)

36.98
± 6.71
(n=20)

36.31
± 4.64
(n=11)

V2,0.5 (mV) 23.33
± 3.08

19.63
± 7.7

21.79
± 4.62

24.03
± 4.52

s1 20.29
± 2.93

16.80
± 5.36

17.34
± 6.24

15.57
± 4.07

s2 4.48
± 1.05

4.97
± 2.84

4.47
± 1.98

6.65
± 2.93
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Figure 3.6: Steady-state inactivation of ICa. (A) Example current trace for steady-state inactivation of
ICa from the ND cohort. The neurons were held at -100 mV. Calcium currents were elicited by a 5 ms test
pulse to 0 mV. The test pulse was preceded by 500 ms pulses increasing from -95 to 0 mV in 5 mV incre-
ments. (B) I/V relations for steady-state inactivation of peak ICa normalized to the maximal current of
each cell. Data from single neurons of the ND cohort (n=24). (C) Mean I/V relations of steady-state in-
activation for all cohorts. The steady-state inactivation of ICa started at prepulse potentials greater than
-70 mV for all cohorts. Averaged data. Error bars show SEM. Fits to the sum of two Boltzman equations
(Eq. 2.2) revealed the following parameters: (D1) V1,0.5: 3w, -39.52 ± 5.62 mV; ND, -36.32 ± 4.39 mV;
HFD, -36.98 ± 6.71 mV; 45w, -36.31 ± 4.64 mV. (D2) V2,0.5: 3w, -23.33 ± 3.08 mV; ND, -19.63 ± 7.7 mV;
HFD, -21.79 ± 4.62 mV; 45w, -24.03 ± 4.52 mV. (E1) s1: 3w, 20.29 ± 2.93 mV; ND, 16.80 ± 5.36 mV; HFD,
17.34 ± 6.24 mV; 45w, 15.57 ± 4.07 mV. (E2) s2: 3w, 4.48 ± 1.05 mV; ND, 4.97 ± 2.84 mV; HFD, 4.47 ±
1.98 mV; 45w, 6.65 ± 2.93 mV. The differences in all parameters were not statistically significant.
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3.2.3 Inactivation kinetics of the calcium current during a sustained

pulse

To analyze the inactivation kinetics of ICa, long lasting depolarizing pulses were ap-

plied with Ehold -100 mV and Ehold -50 mV. The neurons were depolarized from Ehold

to 0 mV for 1 s (Fig. 3.7, A). The currents were normalized to the maximal peak current

of each cell and the decay of ICa for both holding potentials was well fit with a double

exponential function (Eq. 2.3).

With Ehold -100 mV, the decay of ICa contained two different time constants, a fast

(τ1Ehold -100 mV, e.g. 55.42 ± 13.70 ms in the ND cohort) and a slow time constant

(τ2Ehold -100 mV, e.g. 852.1 ± 354.1 ms in the ND cohort, n=16). With Ehold -50 mV, the

fit of the current decay revealed only two slow time constants (τ1Ehold -50 mV = 817.3

± 580.1 ms; τ2Ehold -50 mV = 890.8 ± 558 ms; n=11) which were both in the same range

as the slow time constant τ2 with Ehold -100 mV (Fig. 3.7, B).

This indicates that the decay kinetics of the total calcium current in POMC neurons

contain at least two inactivating components and that the fast inactivating component

is inactivated at Ehold -50 mV. This suggests, that the fast inactivating component is

mainly composed of (T-type-like) LVA currents and the remaining slow time constant

belongs to HVA components of the calcium current.

Table 3.4: Summary of decay time constants of the inactivation kinetics of ICa.

3w ND HFD 45w

Decay time
constant 1

(ms)

43.66
± 14.67
(n=23)

55.42
± 13.7
(n=24)

51.28
± 26.38
(n=20)

37.91
± 20.34
(n=11)

Decay time
constant 2

(ms)

868.7
± 364.7

852.1
± 354.1

1280
± 620

1347
± 1240
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The currents of the long depolarizing pulses for the overall current were normalized

to the maximal peak current of each cell and the decay of ICa was fit with a double ex-

ponential function. Differences in the decay time constants of the fits were not statisti-

cally significant for both time constants between all cohorts. This indicates that there

are no changes in the inactivation kinetics of ICa during a sustained depolarization.

The time constants for all cohorts are summarized in Tab. 3.4.
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Figure 3.7: Decay time constants for inactivation kinetics of ICa. (A) Example current traces for inac-
tivation kinetics of ICa from Ehold -100 mV and -50 mV respectively from the ND cohort. The neurons
were depolarized from Ehold to 0 mV for 1 s. (B) The currents were normalized to the maximal peak
current of each cell and the current decays were fit with a double exponential fit (Eq. 2.3). The fit of
the decay of ICa from Ehold -100 mV contained a fast and a slow time constant (τ1 = 55.42 ± 13.70 ms;
τ2 = 852.1 ± 354.1 ms; n=16) compared to the fit of the decay from Ehold -50 mV (τ1 = 817.3 ± 580.1 ms;
τ2 = 890.8 ± 558 ms; n=11). This indicates that the decay kinetics of ICa contain at least two inactivat-
ing components. The fast inactivating component is inactivated at Ehold -50 mV suggesting that it is
mainly composed of (T-type-like) LVA currents and that the remaining slowly inactivating component
is mainly composed of HVA currents. (C) Mean current traces normalized to the maximal peak current
of each cell from Ehold -100 mV for all cohorts. The decay of ICa was fit with a double exponential func-
tion (Eq. 2.3). Error bars show SD. (D1) Box plot of the fast time constants (τ1) for all cohorts from the
double exponential fit: 3w, 43.66 ± 14.67 ms; ND, 55.42 ± 13.70 ms; HFD, 51.28 ± 26.38 ms; 45w, 37.91
± 20.34 ms. Differences in decay time constants between all cohorts were not statistically significant.
(D2) Box plot of the slow time constants (τ2) for all cohorts from the double exponential fit: 3w, 868.7 ±
364.7 ms; ND, 852.1 ± 354.1 ms; HFD, 1280 ± 620 ms; 45w, 1347 ± 1240 ms. Differences in decay time
constants between all cohorts were not statistically significant.
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3.3 Calcium handling in POMC neurons in the ARC

The cellular parameters that shape intracellular Ca2+ dynamics in POMC neurons in

the ARC were analyzed for three different cohorts: P14 – 21 suckling milk (3w), P105

– 140 normal diet (ND) and P105 – 140 high-fat diet (HFD) mice. To determine the in-

tracellular Ca2+ dynamics in POMC neurons the ’added buffer’ approach in combina-

tion with whole-cell patch-clamp electrophysiology and ratiometric calcium imaging

was used. The aim was to quantitatively analyze parameters that determine cytosolic

Ca2+ dynamics in addition to voltage-activated Ca2+ influx: e.g. the endogenous Ca2+

binding ratio κs and the extrusion rate γ.

3.3.1 Calcium resting level

The Ca2+ resting levels were determined from the calibrated fura-2 fluorescence base-

line before stimulation. The concentrations of free Ca2+ were determined from the

ratio of the imaging signals according to Grynkiewicz et al. (1985, Eq. 2.4). The cal-

ibration was performed in vitro (in solution). For calibration, a drop of each calibra-

tion solution (75 µl, Rmin: no Ca2+, Rde f : 0.35 µM Ca2+ , Rmax: 10 mM Ca2+ ) was

placed on a sylgard coated recording chamber. Ratio images (from 340 and 380 nm

excitation) were acquired for each solution. The acquired values were: correction fac-

tor P = 0.93 ± 0.10, (Poenie, 1990); resulting in: Rmax = 1.738 ± 0.003, n=20; Rmin =

0.161 ± 0.000, n=20; Rde f = 0.641 ± 0.002, n = 20; Kd, f ura,e f f = 0.798 ± 0.003 µM, the

isocoefficient α = 0.160 ± 0.020 and Kd, f ura = 0.135 ± 0.007 µM (Eq. 2.6). The mean

resting levels of free Ca2+ before the first stimulation for the different cohorts were:

3w, 0.032 ± 0.014 µM, n=17; ND, 0.021 ± 0.005 µM, n=10 and HFD, 0.040 ± 0.016 µM,

n=12. The ND cohort displayed a lower resting Ca2+ concentration that was statisti-
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cally significant compared to the 3w and HFD cohorts (Fig. 3.8, A).

67



3 Results

ND3w HFD

0.02

0.06

0.10
Resting [Ca2+]

(µ
M

)

A

**
*

Figure 3.8: Calcium resting level and cell volume of POMC neurons. (A) Box plot of the resting Ca2+

concentration in POMC neurons. The Ca2+ resting levels were determined from the baseline of the
fluorescence signal before stimulation. The values were as follows: 3w, 0.032 ± 0.014 µM, n=17; ND,
0.021 ± 0.005 µM, n=10 and HFD, 0.040 ± 0.016 µM, n=12. The difference in resting Ca2+ concentra-
tion of POMC neurons from the ND cohort compared to the 3w and HFD cohort were statistically
significant. Asterisks mark the level of significance: ** p < 0.01, * p < 0.05.
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3.3.2 Dye concentration from loading curves

In order to calculate the endogenous calcium handling parameters, Ca2+ transients

at varying concentrations of the added buffer (fura-2) need to be recorded. Further-

more, it is crucial to know the concentration of the added buffer fura-2 at the time the

transient calcium signals are recorded. To determine the intracellular concentration

of fura-2 at any time during the experiment, a dye-loading curve was recorded before

and after the Ca2+ transients were elicited. POMC neurons were loaded via the patch

pipette containing 0.1 mM fura-2 and intracellular saline. Before break-in to whole-

cell mode and during dye-loading, the fluorescence of the cell body was monitored

with an excitation wavelength of 360 nm to determine the dye concentration and with

an excitation wavelength of 380 nm to monitor the condition of the cell. Recordings

where the neuron could not be properly loaded or where the condition of the cell

deteriorated were discarded.

After establishing the whole-cell configuration, fura-2 was detected in the cell bod-

ies within 30 seconds. During the loading of the cell, the fura-2 concentration was

monitored and calcium transients were elicited at low, medium and high fura-2 con-

centrations with 50 ms pulses to 10 mV from a holding potential of -80 mV (Fig. 3.9, C

& D). The fura-2 concentration increased until it reached a stable value, finally reach-

ing the concentration of the pipette solution (0.1 mM). During the dye-loading, fluo-

rescence images were obtained in 30 s intervals (Fig. 3.9, E). To determine the fura-2

concentration at the time the transients were recorded, the time course of the increas-

ing fluorescence (loading curve) was fit with an exponential function for each exper-

iment (Eq. 2.10, for details see Methods). The average time constants for dye loading

determined from the exponential fits (Eq. 2.10) were as follows for the different co-

horts: 3w, 1139 ± 840 s, ND n=18; 855 ± 554 s, n=12; HFD, 1065 ± 900 s, n=13. The
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differences in loading time constants were not statistically significant between the co-

horts.
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Figure 3.9: Fura-2 loading and decay kinetics. (A) Transmission image of the recording situation with
the patch-clamp electrode on a POMC neuron in the living brain slice. (B) Fluorescence image showing
the EGFP fluorescence signal of the POMC neuron. The area shown is the same as in A. (C) Sequence
of fluorescence images showing the loading of fura-2 into the soma of a POMC neuron in the whole-
cell configuration. The images were taken at 120 s (C1), 240 s (C2) and 480 s (C3) after break-in with an
excitation wavelength of 360 nm (the isosbestic point of fura-2). Note the increase in fura-2 fluorescence
over time, captured in analog-to-digital units (ADU) of the CCD chip. (D) Calcium transients of free
Ca2+ concentrations at increasing fura-2 concentrations. Ca2+ transients were elicited with 50 ms pulses
to 10 mV from a holding potential of -80 mV. The transients were elicited at the same timepoints as in
C1 – C3, respectively. The recorded whole-cell current is shown below the trace. Note the decrease
in signal amplitudes and increase in decay time constants. (E) Loading curve showing the increase in
fura-2 concentration in a POMC neuron and the time points (1 – 3) the images and transients in C & D
were recorded. The fura-2 concentration at the time of the transients was determined as described in
Methods. Scale bar in A & B: 50 µm, in C 1 – 3: 20 µm.

71



3 Results

3.3.3 Calcium handling properties

The kinetics of cytosolic Ca2+ signals are strongly dependent on endogenous and ex-

ogenous (added) Ca2+ buffers in the cell. The amplitude and decay rate of the free

intracellular Ca2+ change with increasing concentration of the exogenous buffer. The

amplitude of free Ca2+ decreases and the time constant of the decay (τtransient) in-

creases (Figs. 1.4 & 3.9, C2 – E2). If the buffering capacity of the added buffer is known,

τtransient can be used to estimate the Ca2+ signal under conditions where only endoge-

nous buffers are present (−κB = 1+ κS). The model used for this study (Eq. 2.9, Neher

and Augustine, 1992) assumes that the decay time constants τtransient are a linear func-

tion of the Ca2+ binding ratios (κB and κS). κS was determined from the negative x-axis

intercept of the plot τtransient vs. κB (Fig. 3.10). The point of intersection of the linear

fit with the y-axis denotes the endogenous decay time constant τendo (no exogenous

Ca2+ buffer in the cell). The slope of the fit is the inverse of the linear extrusion rate

(γ). To estimate the variability of the parameters determined by linear fits, a bootstrap

approach was used (n=1000) as described in the Methods chapter.

The endogenous decay time constants for the different cohorts were as follows: 3w,

1.2 ± 0.9 s; ND, 2.8 ± 0.9 s; HFD, 2.0 ± 0.5 s. The endogenous Ca2+ binding ratio

for the different cohorts were as follows 3w, 84 ± 72; ND, 399 ± 221; HFD, 220 ±

106. The extrusion rates for each cohort were: 3w, 60 ± 14 s-1; ND, 134 ± 39 s-1;

HFD, 107 ± 25 s-1. The differences in endogenous Ca2+ binding ratios, endogenous

decay time constants and extrusion rates were statistically significant between the

three cohorts (p < 0.001, Fig. 3.11, A – C). These data suggest the following: the

feeding of a high-fat diet decreased the endogenous buffer capacity and extrusion

rate of POMC neurons. Interestingly, the high-fat diet also lead to a decrease in the

endogenous decay time constant of the calcium signal. Additionally, in the transition
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from suckling to weaned mice (3w to ND), the decay time constant of the endogenous

calcium signal increases in POMC neurons, the endogenous buffering capacity and

the extrusion rate also increase. This trend is damped by the feeding of the high-fat

diet, where POMC neurons have a slower decay time constant of the endogenous

calcium signal, a lower endogenous buffering capacity and a slower extrusion rate

than the normal diet feeding mice. The data is summarized in Tab. 3.5.
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Figure 3.10: Calcium binding rates and calcium extrusion rates of POMC neurons in the ARC. (A) Cal-
cium transients of the free Ca2+ concentration at increasing fura-2 concentrations from typical experi-
ments of the 3w, ND and HFD cohorts. Ca2+ transients were elicited with 50 ms pulses to 10 mV from
a holding potential of -80 mV. The decay time constant was well fit with a monoexponential function
(Eq. 2.11, see residuals). The time constants of the transient (τ) for each cohort are given with the fura-2
concentration in subscripts at the time the transient was recorded. (B) The decay time constants of the
Ca2+ transients were plotted as a function of the Ca2+ binding ratio (κB) which was calculated from
the intracellular fura-2 concentration, the Kd of fura-2 and the resting concentration of free intracellular
Ca2+ (see Methods). The data were fit with a linear function (Eq. 2.9) to determine the endogenous time
constant for the decay of the Ca2+ signal (τendo, y-axis intercept), the endogenous Ca2+ binding ration
(κS, x-axis intercept) and the extrusion rate (γ, slope of the fit). To estimate the variability of the linear
fits, a bootstrap approach was used (n=1000) as decribed in Methods. Dashed lines the indicate 95 %
confidence bands of the fit.
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Figure 3.11: Calcium handling parameters for all cohorts. (A) Box plot showing the calculated values
for the endogenous decay time constant (τendo). The endogenous decay time constants for the different
cohorts were as follows: 3w, 1.2 ± 0.9 s; ND, 2.8 ± 0.9 s; HFD, 2.0 ± 0.5 s. (B) Box plot of the calculated
values for the endogenous Ca2+ binding ratio (κS). The endogenous Ca2+ binding ratios for the different
cohorts were as follows: 3w, 84 ± 72; ND, 399 ± 221; HFD, 220 ± 106. (C) Box plot showing the
calculated values for the extrusion rate (γ). The extrusion rates for the different cohorts were as follows:
3w, 60 ± 14 s-1; ND, 134 ± 39 s-1; HFD, 107 ± 25 s-1. The differences for each parameter between the
cohorts were statistically significant. Asterisks mark the level of significance: *** p < 0.001.
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Table 3.5: Summary of the calcium handling parameters of POMC neurons in the ARC.

3w ND HFD

Resting [Ca2+]
( M)

0.032
± 0.014
(n=17)

0.021
± 0.005
(n=10)

0.040
± 0.016
(n=12)

Time constant of
the dye loading

(s)

1139
± 840
(n=18)

855
± 554
(n=12)

1065
± 900
(n=13)

Endogenous
decay time

constant, endo

(s)

1.2
± 0.9

2.8
± 0.9

2.0
± 0.5

Endogenous
Ca2+ binding
ratio, S

84
± 72

399
± 221

220
± 106

Extrusion rate,
(s 1)

60
± 14

134
± 39

107
± 25
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3.4 POMC and SIM1 neurons in the PVH

The periventricular and medial parvocellular subdivisions of the PVH receive a dense

innervation from POMC neuron fibers and also contain the MC4R (Fig. 3.12,A; Elmquist

et al., 1997; Bagnol et al., 1999; Cowley et al., 1999; Bouret et al., 2004). Additionally, it

is hypothesized that food intake is regulated in the PVH by an interaction between

POMC neurons and putative second-order neurons to POMC neurons: SIM1 neurons

(Balthasar et al., 2005). The PVH has been studied previously in great detail and sev-

eral neuron types could be characterized (Tasker and Dudek, 1991; Hoffman et al.,

1991; Tasker and Dudek, 1993; Luther and Tasker, 2000; Luther et al., 2000; Stern, 2001;

Luther et al., 2002; Melnick et al., 2007). To elucidate the characteristics of possible

second-order neurons, SIM1 neurons were identified by EGFP fluorescence (Fig. 3.12,

B). Because of the known innervation pattern of POMC neurons, the strict localization

of the MC4R and the possible involvement in energy homeostasis and food intake

regulation, the experiments were focussed on the periventricular and medial parvo-

cellular subdivisions of the PVH (Swanson and Sawchenko, 1983). The SIM1 neuron

population in the periventricular and medial parvocelluar part of PVH was studied

in detail using whole-cell current clamp electrophysiology with the patch-clamp tech-

nique.
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Bregma -0.70 mmC

Bregma -0.70 mm

3V 3V
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Figure 3.12: POMC and SIM1 neurons in the PVH. (A) Transmission image showing the right half of the
periventricular and medial parvocellular PVH. The dashed line outlines the third ventricle. (B) Maxi-
mum intensity projection of a fluorescence image stack showing dense innervation of EGFP expressing
fibers from POMC neurons in the PVH. The same area as shown in A. The images were acquired in the
living slice using multiphoton microscopy. The dashed line outlines the third ventricle. (C) Merged flu-
orescence and transmission image of SIM1 neurons in the PVH in the living brain slice. SIM1 neurons
expressing EGFP are distributed across the nucleus. The dashed line outlines the PVH. Scale bar in B:
100 µm, in C: 200 µm. 3V: third ventricle.
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3.5 Comparison of cellular parameters from SIM1 labeled

parvocellular neurons in the PVH

It was possible to identify previously described subtypes in the SIM1 expressing pop-

ulation of neurons in the periventricular (pv) and medial parvocellular (mp) subdi-

visions of the PVH (Tasker and Dudek, 1991; Tasker and Dudek, 1993; Luther and

Tasker, 2000; Luther et al., 2000; Stern, 2001; Luther et al., 2002; Melnick et al., 2007).

These subtypes were parvocellular neurosecretory neurons (NS) and parvocellular

pre-autonomic neurons (PA). In addition, SIM1 neurons recorded in the dorsal parvo-

cellular and the magnocellular subdivisions of the PVH could be identified according

to their electrophysiological profile as the bursting and magnocellular neurosecretory

subtypes that have been previously found in the PVH (Figs. 3.13, 3.14; Tasker and

Dudek, 1991). This demonstrates that SIM1 expressing neurons are a heterogenous

population, spanning the known neuron subtypes in the PVH. However, because of

the aforementioned focus on the pv and mp subdivisions, bursting and magnocel-

lular SIM1 neurons were not further investigated. Electrophysiological properties of

the NS and PA subtypes from the periventricular and medial parvocellular subdivi-

sion were investigated and are shown in Fig. 3.14. The neurons were recorded with

whole-cell patch-clamp in current clamp mode. Current was injected for 500 ms from

-100 pA to 40 pA in 10 pA steps. The NS subtype showed a weak spike frequency

adaptation and a slow repolarization to EM (Fig. 3.14, A1, A2). PA subtype neurons,

however, showed a strong spike frequency adaptation and a relatively fast repolar-

ization to EM, followed by a low-threshold spike (Fig. 3.14, B1, B2). Both neuron

types had a similar resting membrane potential, recorded right after the break-in to

whole-cell mode (NS initial, -55.34 ± 7.3 mV; PA initial, -55.82 ± 6.03 mV; Fig. 3.14,
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Magnocellular Bursting

Figure 3.13: Magnocelluar neurosecretory and bursting subtypes of SIM1 neurons. (A) Example cur-
rent clamp trace of a typical magnocelluar SIM1 neuron recorded from the magnocellular subdivisions
of the PVH. Single traces for 55 pA and -100 pA current injection. Note the characteristic delayed onset
in firing. (B) Example current clamp trace of a typical bursting SIM1 neuron recorded from the dor-
sal region of the PVH. Single traces for 10 pA and -40 pA current injection. The neurons responded to
positive current injection mainly with high-frequency bursts of action potentials riding on sometimes
regenerative low-threshold spikes.

C). In both neuron types EM hyperpolarized after break-in and became stable after 15

– 20 min. Differences between initial and stable EM were statistically significant for

each subtype (NS, p < 0.05; PA, p < 0.01). Differences between neuron types for

initial and stable EM, however, were not statistically significant (Fig. 3.14, C). The ca-

pacitance was compared between the two neuron types but the differences were also

not statistically significant (NS, 12.83 ± 3.52 pF; PA, 13.56 ± 3.13 pF; Fig. 3.14, D). The

time to repolarize after a hyperpolarization was analyzed by injecting hyperpolariz-

ing current to change the membrane potential of the recorded neuron to -100 mV for

1 s. The differences were statistically significant between NS and PA neuron subtypes.

It takes NS neurons significantly longer to reach EM (NS, 0.278 ± 0.17 s; PA, 0.081 ±

0.06 s; p < 0.001, Fig. 3.14, E). The electrophysiological parameters of SIM1 NS and

PA subtypes are summarized in Tab. 3.6.
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Figure 3.14: Electrophysiological properties of neurosecretory (NS) and pre-autonomic (PA) sub-
types of SIM1 neurons. (A1) Example current clamp trace of a typical NS SIM1 neuron recorded from
the periventricular (pv) and medial parvocellular (mp) subdivision of the PVH. Current was injected
for 500 ms from -100 pA to 60 pA in 10 pA steps. (A2) Single traces for 60 pA and -100 pA current injec-
tion. Note the weak spike frequency adaptation and slow repolarization to resting membrane potential
(EM). (B1) Example current clamp trace for a typical PA SIM1 neuron recorded from the periventric-
ular and medial parvocellular subdivision of the PVH. Current was injected for 500 ms from -100 pA
to 40 pA in 10 pA steps. (B2) Single traces for 40 pA and -100 pA current injection. Note the strong
spike frequency adaptation and relatively fast repolarization to EM followed by a low-threshold spike
(LTS). (C) Box plot of EM for NS and PA subtypes immediately after break-in (initial) and after 20 min
(stable). In both neuron types EM hyperpolarized after break-in and became stable after 15 – 20 min.
Values were as follows: NS initial, -55.34 ± 7.3 mV, n=15; NS stable, -69.3 ± 15.75 mV, n=15; PA initial,
-55.82 ± 6.03 mV, n=15; PA stable, -67.61 ± 12.10 mV, n=11. Differences between initial and stable EM
were statistically significant for each subtype (NS, p < 0.05; PA, p < 0.01). Differences between neuron
types for initial and stable EM were not statistically significant. (D) Box plot of the whole-cell capac-
itance of NS and PA subtypes. Differences in capacitance were not statistically significant (NS, 12.83
± 3.52 pF, n=15; PA, 13.56 ± 3.13 pF, n=15). (E) Box plot of the time it takes each subtype to reach EM
after a current injection to a membrane potential of -100 mV. It takes NS neurons significantly longer
to reach EM (NS, 0.278 ± 0.17 s, n=8; PA, 0.081 ± 0.06 s, n=7; p < 0.001). Asterisks mark the level of
significance: *** p < 0.001, ** p < 0.01, * p < 0.05.
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3.5.1 Spike frequency adaptation

The firing pattern of parvocellular NS and PA was analyzed. Current was injected

for 500 ms from -100 pA to 60 pA in 10 pA steps (Fig. 3.15, A1, A2). Parvocellular NS

neurons showed a more regular firing pattern with a weak spike frequency adapta-

tion and more linear increase in frequency with increasing current injection (Fig. 3.15,

A1). PA neurons showed a more irregular firing pattern with strong spike frequency

adaptation and a less linear increase in firing frequency with increasing current injec-

tion (Fig. 3.15, A2). The instantaneous spike frequency (1/ISI) was calculated from

a depolarizing current pulse (40 pA for 1 s) for both neuron types. The data were fit

with a monoexponential function. NS neurons showed a weak spike frequency adap-

tation (τ = 226 ± 176 ms, n=6) compared to the PA subtype which exhibited a strong

spike frequency adaptation (τ = 107 ± 421 ms, n=9). The spike frequency adaptation

parameters are summarized in Tab. 3.6.

3.5.2 Slow afterhyperpolarization

To determine differences in the slow afterhyperpolarization between NS and PA sub-

types, postitive current was injected (40 pA) for 1 s. Both SIM1 neuron subtypes dis-

played a slow afterhyperpolarization after a depolarizing current pulse was given that

recovered back to EM (Fig. 3.16, A). The differences in the time it took the neurons to

repolarize back to EM were not statistically significant (NS, 2.99 ± 2.88 s; PA, 0.8 ±

0.95 s). The maximal AHP for each neuron was calculated from the average over five

current pulses. The values were as follows: NS, −6.9 ± 2.43 mV; PA −2.48 ± 2.27 mV

(Fig. 3.16, B). NS subtypes had a significantly larger AHP than PA subtypes (NS, n=8;

PA, n=7; p < 0.01). The AHP parameters are summarized in Tab. 3.6.
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Figure 3.15: Difference in firing pattern between NS and PA subtypes. (A1) Example current clamp
trace for the typical firing pattern of an NS neuron where positive current was injected from 10 to
60 pA for 500 ms. Note that there is a weak spike frequency adaptation and a slow afterhyperpolariza-
tion (AHP) after the current pulse (60 pA, dashed line) (A2) Example current clamp trace for the typical
firing pattern of a PA neuron. Note that there is a strong spike frequency adaptation and a small AHP
after the current pulse (60 pA, dashed line). (B1) Plot of the instantaneous spike frequency of a NS
neurons during the injection of 40 pA. Each gray dot represents an interspike interval. The data were
fit with a monoexponential function (Eq. 2.3). NS neurons showed a weak spike frequency adapta-
tion (τ = 226 ± 176 ms, n=6). (B2) Plot of the instantaneous spike frequency of a NS neurons during
the injection of 40 pA. Each gray dot represents an interspike interval. The data were fit with a mo-
noexponential function. PA neurons showed a strong spike frequency adaptation (τ = 107 ± 421 ms,
n=9).
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Figure 3.16: Slow afterhyperpolarization (AHP) in NS and PA subtypes of SIM1 neurons. (A) Averaged
current clamp traces highlighting the differences in AHP after depolarzation for NS and PA subtypes.
Positive current was injected (40 pA) for 1 s. Average from several neurons (NS, n=8; PA, n=7). (B)
Box plot showing the maximal amplitude of the AHP for each subtype. The maximal AHP for each
neuron was calculated from the average over five current pulses. The values were as follows: NS,
−6.9 ± 2.43 mV; PA −2.48 ± 2.27 mV. NS subtypes had a significantly larger AHP than PA subtypes
(NS, n=8; PA, n=7; p < 0.01).

3.5.3 Tolbutamide sensitivity

The adenosine triphosphate (ATP)-sensitive potassium (KATP) channel is widely dis-

tributed throughout the brain. It is assumed to play an important role in the signaling

pathway of neuronal glucose sensitivity and possibly neuroprotection (Ashford et al.,

1990; Dunn-Meynell et al., 1998; Miki et al., 2001). Interestingly, in the PVH there is a

non-homogenous distribution of neurons expressing the channel components (Dunn-

Meynell et al., 1998). Therefore, we adressed the question whether SIM1 neuron sub-

types could be further classified by determining the sensitivity to the specific KATP

channel blocker tolbutamide that would indicate a possible involvement in glucose

sensing and energy homeostasis (Sakura et al., 1995; Gribble et al., 1997).

For these experiments, whole-cell current clamp recordings of SIM1 neurons were

performed. When a stable EM was reached after break-in (after ∼ 15 – 20 min), 200 µM

tolbutamide was applied to the neuron via the perfusion system for ∼15 min. In
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63.63 % of the recorded SIM1 neurons the membrane potential depolarized during

tolbutamide application and returned to control conditions after the wash-out of tolbu-

tamide (Fig. 3.17,A & B). To see whether tolbutamide sensitivity could be correlated

with the NS and PA neuron subtypes the percentages of tolbutamide sensitivity were

calculated for each neuron type. Only 22.23 % of the recorded SIM1 NS subtypes were

tolbutamide sensitive. Of the recorded PA subtypes, 92.31 % were tolbutamide sen-

sitive. This suggests that the classified subtypes of NS and PA neurons each define

heterogenous populations composed of tolbutamide sensitive and tolbutamide insen-

sitive subgroups of neurons that might differentially express the KATP channel. The

percentages of tolbutamide sensitivity are summarized in Tab. 3.6.
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PANS
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Figure 3.17: Tolbutamide sensitivity of SIM1 neurons. (A1) Representative current clamp trace of a
SIM1 neuron where bath-application of the ATP-sensitive potassium (KATP) channel blocker tolbu-
tamide (200 µM for ∼15 min) depolarizes the neuron above the action potential threshold. The effect is
reversible after the wash-out of tolbutamide. (A2) Sections of the recording showing the membrane po-
tential before (control), during (tolbutamide) and after (wash) tolbutamide application. (B) Percentages
of tolbutamide sensitivity correlated to each neuron subtype. NS were only in 22.23 % of the cases sen-
sitive to tolbutamide (n=8). PA neurons were in 92.31 % of the cases sensititve to tolbutamide (n=12).
The overall sensitivity for tolbutamide of parvocellular SIM1 neurons in the periventricular and medial
parvocellular subdivision of the PVH was 63.63 % (n=20).
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Table 3.6: Summary of the electrophysiological parameters of NS and PA subtypes of SIM1 neurons.

Parvocellular
neurosecretory

subtype
(NS)

Parvocellular
pre-autonomic

subtype
(PA)

EM initial
(mV)

55.34
± 7.3
(n=15)

55.82
± 6.03
(n=15)

EM stable
(mV)

69.3
± 15.75
(n=15)

67.61
± 7.3
(n=11)

Whole cell Capacitance
(pF)

12.83
± 3.52
(n=15)

13.56
± 3.13
(n=15)

Time to repolarize
from 100 mV to EM

(s)

0.278
± 0.17
(n=8)

0.08
± 0.06
(n=7)

Decay time constant of
the

spike frequency
adaptation,

(ms)

226
± 176
(n=6)

107
± 421
(n=9)

Maximal amplitude of
the

afterhyperpolarization
(mV)

6.9
± 2.43
(n=8)

2.48
± 2.27
(n=7)

Time to repolarize from
afterhyperpolarization

to EM
(s)

2.99
± 2.88
(n=8)

0.8
± 0.95
(n=7)

Sensitivity to tolbutamide
(%)

22.23
(n=8)

92.31
(n=12)

(NS, 2.99 2.88 s; PA, 0.8 0.95 s).
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The aim of this study was to characterize and better understand the cellular parame-

ters of neurons of the hypothalamic network that regulates energy homeostasis. This

goal was approached in two parts.

First, the calcium handling parameters in first-order neurons of the hypothalamic

energy balance network (POMC neurons) were analyzed. For this, voltage-activated

calcium currents in POMC neurons were characterized by performing whole-cell patch-

clamp voltage clamp recordings of identified POMC neurons in the living brain slice.

The endogenous calcium binding ratio and extrusion rate were determined using the

’added buffer’ approach. This was achieved by performing ratiometric calcium imag-

ing experiments in combination with whole-cell patch-clamp recordings.

Second, to characterize potential candidates for second-order neurons to POMC

neurons in the paraventricular nucleus of the hyptothalamus, SIM1 neurons were

recorded with the whole-cell patch-clamp technique in the living brain slice.

4.1 POMC neurons

Neuronal calcium handling is known to change during development and aging (Fierro

and Llano, 1996; Murchison and Griffith, 2007; Martella et al., 2008; Foehring et al.,

88



4 Discussion

2009). It is also known that the diet can modulate Ca2+ handling in neurons during

aging (Hemond and Jaffe, 2005; Murchison and Griffith, 2007). To better understand

the effect of a diet on Ca2+ handling in POMC neurons, two cohorts of P105 – 140

old mice that received either a high-fat or a normal chow diet were compared. It was

found that the calcium current density and resting calcium concentration increased

in POMC neurons when the animals were fed a high-fat diet. Furthermore, the pa-

rameters that shape the endogenous calcium signal (such as the endogenous calcium

binding ratio and extrusion rate) changed under a high fat diet. In addition, experi-

ments were performed in P14 – 20 suckling and P304 – 334 normal diet mice. These

data were recorded to better understand age related changes in the Ca2+ handling of

POMC neurons and, in addition, to lay the foundation for future studies. This will

allow to gain an even clearer picture of the development of Ca2+ handling in POMC

neurons during aging .

4.1.1 General properties

POMC neurons were recorded in the whole-cell configuration and stained with the

biocytin/streptavidin technique. The morphology of POMC neurons was relatively

heterogenous and could be grouped into two main categories: neurons with qual-

itatively complex branching patterns and neurons with a relatively simple branch-

ing pattern. In line with current data, these morphological data suggest that the

POMC neuron population is heterogenous and that there are different POMC neu-

ron subtypes fulfilling different functions. For example, it is known that some, but

not all, POMC neurons express CART and cholinergic markers (Vrang et al., 1999;

Meister et al., 2006) and that only a subpopulation of POMC neurons is sensitive to

insulin (Ernst et al., 2009). Very recently, a study has clearly shown, that there are two
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main subtypes that either release glutamate or GABA as their primary neurotransmit-

ter (Hentges et al., 2009). It is still not entirely clear if and how all these characteristics

overlap and these are exciting issues to be explored in the future for a better charac-

terization and subsequently, a better understanding of the characteristics and function

of POMC neurons. Nevertheless, apparent differences in the electrophysiological re-

sponses of POMC neurons in voltage and current clamp could not be detected using

our experimental paradigms, therefore data from POMC neurons of a single cohort

were pooled.

4.2 Voltage-activated calcium currents in POMC neurons

4.2.1 Changes of calcium current parameters

One of the main findings of this thesis was that the P105 – 140 old mice that received

a high-fat diet had a greater Ca2+ current density compared to the cohort of the same

age that only received a normal diet (Fig. 3.3, A2, B2). This suggests that the high-fat

diet has led to an increased Ca2+ influx in POMC neurons.

A possible explanation for this effect could be that factors secreted by adipose tis-

sue (adipocytokines) directly or indirectly influence the expression or function of Ca2+

channels in POMC neurons. For example, increased leptin levels induced by an in-

creased amount of adipose tissue could lead directly to the increased Ca2+ current

density in the high-fat diet cohort (Frederich et al., 1995). Leptin is known to increase

the L-type Ca2+ current in POMC neurons (Wang et al., 2008).

To test this, some factors need to be considered. First, the reported increase was

observed during a short-term application to POMC neurons via the perfusion sys-

tem in a primary cell culture of POMC neurons. Whether this change persists dur-
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ing prolonged exposure to high leptin levels needs to be determined. Second, diet-

induced obese mice are known to become leptin resistant after 19 weeks (Lin et al.,

2000). Therefore, it would be important to explore the development of this increase in

current density in the weeks between P21 – P133 and whether current density contin-

ues to increase on the high-fat diet after week 19.

In addition, it cannot be excluded that other calcium channel types may also con-

tribute to the increase in current density. Further experiments using channel specific

blockers should reveal the contribution of each channel type to this increase in current

density.

Other factors that are released by adipose tissue and that could possibly be in-

volved in altering calcium handling would include: adiponectin, interleukin-6 (IL-6),

tumor necrosis factor-α (TNF-α) and free fatty acids (FFA; Trayhurn and Beattie, 2001;

Hauner, 2005; Rondinone, 2006). A recent study found that receptors for adiponectin

are expressed in the ARC and colocalize with POMC (Guillod-Maximin et al., 2009).

IL-6 is known to enhance Ca2+ responses of rat cerebellar granule neurons (Qiu et

al., 1995). TNF-α is also known to influence neuronal and myocardial calcium han-

dling (Motagally et al., 2009; Lee et al., 2007). FFA are known to modulate output of

hypothalamic neurons (Foll et al., 2009).

These factors could also influence calcium currents indirectly. It is known that some

of them are involved in the chronic inflammatory response that can be observed in

obesity (Tilg and Moschen, 2006) and it is possible that an inflammatory response

could influence calcium handling (Lu and Gold, 2008).

Another explanation for an increase in current density could be that an altered

buffering capacity directly affects VGCCs. It was demonstrated that calcium buffer-

ing proteins can directly interact with VGCCs and alter the amplitude and inactivation
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kinetics of calcium currents (Meuth et al., 2005; Lee et al., 2006). Interestingly, the high-

fat diet had no effect on the inactivation parameters of ICa (steady-state inactivation,

inactivation kinetics during a sustained pulse; Figs. 3.6, C-E2 & 3.7, C-D2).

It was also found that there are slight changes in the current/voltage relations of

ICa in POMC neurons during the transition from suckling to weaned mice and during

’early aging’. For example, in the 45w cohort (P304 – 334) compared to the ND co-

hort (P105 – 140), Vmax of the HVA component was shifted to a more hyperpolarized

potential. Other studies have also found that parameters of ICa can undergo changes

already during ’early’ aging. One study was able to show that the overall current

increases in rat hippocampal neurons (Campbell et al., 1996) and another found that

there is a reorganization in the composition of HVA currents between P23 – P270 in

mouse striatal neurons (Martella et al., 2008). Other studies have found that in some

regions of the brain, the current-voltage relations did not change at all during aging

(Kostyuk et al., 1993; Murchison and Griffith, 1995; Murchison and Griffith, 1996).

4.2.2 Methodical implications

Given the relatively complex morphology of POMC neurons (as shown in Fig. 3.1),

proper voltage clamp is quite difficult to achieve in the living brain slice (Armstrong

and Gilly, 1992; White et al., 1995). In the recordings, however, blocking all currents

that were not carried by Ca2+ made the neurons electrotonically more compact (Hille,

2001; Kloppenburg et al., 2000). Recordings did not indicate poor voltage clamp (de-

lay of current onset, jumps in the voltage dependence), suggesting that the recorded

currents originated from well clamped regions of the neuron.

An important issue that needs to be considered for all whole-cell recordings is that

in the whole-cell configuration, the cytosol is controlled by the pipette solution. On
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one hand, this is can be an advantage where recordings with a defined cytosolic con-

centration are desirable (for example, to define the intracellular fura-2 concentration

during the ’added buffer’ approach experiments). On the other hand, it needs to be

kept in mind that the whole-cell configuration can lead to a wash-out of molecules for

important cell functions (Pusch and Neher, 1988). For example, a small calcium cur-

rent run-down, possibly due to wash-out, was noticeable during the calcium current

recordings. However, the experimental protocols were started quickly after break-in

to minimize the effect of a wash-out.

The determined parameters of ICa were well within range of previously reported

calcium currents in vertebrate neurons (Avery and Johnston, 1996; Murchison and

Griffith, 1996; Kammermeier and Jones, 1997; Elsen and Ramirez, 1998; Chambard et

al., 1999; Shirasaka et al., 2004; Tanaka et al., 2007; Zhang et al., 2007; Wang et al., 2008).

The current densities determined for POMC neurons in this study (between -53.95

and -69.50 pA/pF for the total current and between -29.79 and -43.59 pA/pF for the

HVA currents) seem to be in the same range with data from another study (Wang et

al., 2008; approx. 40 pA/pF for HVA currents, assuming an average whole-cell ca-

pacitance of 15 pF). In the same study, however, Vmax was shifted more positively for

the HVA currents (10 mV; Wang et al., 2008). This could be explained by consider-

ing that most of the studies of ICa in hypothalamic neurons were done with acutely

dissociated neurons. Differences in ICa parameters could be attributed to the circum-

stance that neurons in the living brain slice might possess a slightly different calcium

current profile (e.g. because of an intact neurite structure), compared to neurons that

underwent the dissociation and culturing process.

When pooling the currents from POMC neurons of a single cohort (for example for

the ND cohort; Fig. 3.2, C), the I/V curves for the neurons were distributed evenly.
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This would suggest that the POMC neuron population, despite its heterogenous com-

position, exhibits a rather homogenous distribution of Ca2+ current parameters.

4.3 Intracellular calcium handling in POMC neurons

Important parameters for intracellular calcium handling (the calcium resting level,

endogenous decay time constant of the calcium signal, the endogenous calcium bind-

ing ratio and the calcium extrusion rate) of POMC neurons were determined with the

’added buffer’ approach for three different mice cohorts: P14 – 21, milk suckling (3w),

P105 – 140, normal diet (ND) and P105 – 140, high-fat diet (HFD). This was achieved

by performing whole-cell patch-clamp recordings in combination with ratiometric cal-

cium imaging experiments of identified POMC neurons selectively expressing EGFP

in the living brain slice.

4.3.1 Changes in intracellular calcium handling

The calcium handling parameters in POMC neurons of the mice cohorts that either

received a high-fat or a normal diet were compared. The most important finding was

that the high-fat diet had an effect on the calcium handling of POMC neurons. For

example, the endogenous calcium binding ratio of the cohort that received the high-

fat diet was almost halved compared to mice of the same age that received the normal

chow diet (Fig. 3.11, B). Furthermore, the high-fat diet had also an effect on the resting

Ca2+ resting level. It was almost twice as high in POMC neurons of animals from the

HFD cohort compared to the normal diet cohort (Fig. 3.8). Interestingly, the extrusion

rate in POMC neurons of the HFD cohort was lower but the determined endogenous

time constant of the calcium signal was longer compared to the normal diet cohort.
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This could be explained by the lower buffering capacity in the HFD cohort (Fig. 3.11).

The lower buffering capacity would shorten the calcium signal as a greater amount of

free calcium is available to be removed from the cytosol.

What does all this mean for POMC neurons? Proposing physiological consequences

for one changing Ca2+ handling parameter (Ca2+ influx, Ca2+ buffering, Ca2+ extru-

sion) at a time is relatively straightforward. Understanding the combined effects of

changes in all three parameters, however, is not as trivial. Nevertheless, a few points

can be discussed.

The elevated resting Ca2+ levels, for example, could lead to an increased activation

of calcium-dependent potassium (K(Ca)) channels, thus leading to a hyperpolariza-

tion and silencing of POMC neurons. It could be shown in recent experiments in our

laboratory that POMC neurons recorded from the HFD cohort are more hyperpolar-

ized and a greater percentage of POMC neurons is silenced compared to POMC neu-

rons of the ND cohort (personal communication Simon Heß). This would mean that

the observed effects of a high-fat diet could lead to a silencing of POMC neurons, a

possible reduction in satiety signaling and further, increased food intake and reduced

energy expenditure. Additional experiments to determine the contribution of K(Ca)

channels to this silencing are currently performed in our laboratory.

A lower buffering capacity in combination with a greater calcium influx via VGCCs

in POMC neurons of the HFD cohort would lead to a greater amount of free Ca2+ dur-

ing calcium transients. In addition to the increased resting calcium level, this would

increase the Ca2+ load on POMC neurons over time. Considering the aforementioned

’calcium hypothesis’ of neuronal aging, it could be hypothesized that in the long run,

the Ca2+ load on POMC neurons would increase and could also lead to a decline in

POMC neuron function, synaptic release and synaptic plasticity. This would be analo-
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gous to the changes in calcium handling in hippocampal and cortical neurons that are

thought to be responsible for the cognitive decline during aging. In the case of POMC

neurons this would lead to altered signaling of satiety and changes in the energy up-

take behaviour of the organism.

Possible reasons for the observed changes in calcium handling parameters could

be, as mentioned above, factors secreted by the adipose tissue (e.g. adiponectin, IL-6,

TNF-α and FFA) directly or indirectly acting on POMC neurons. In addition, these

changes could also be a compensatory reaction to the increased Ca2+ influx. To which

extent these factors are relevant, still needs to be explored by further experiments.

Additionally, the calcium handling for P14 – 21 mice was characterized. It was

found that the calcium handling parameters change during the transition from suck-

ling to weaned mice. For example, the buffering capacity increased from P14 – 21

to P105 – 140 old mice. This is in line with observations from rat cerebellar Purkinje

neurons and dopaminergic rat substantia nigra neurons where the buffering capacity

also increased in animals aged from P6 to P15 and from P13 - 17 to P25 - 32 (Fierro

and Llano, 1996; Foehring et al., 2009).

4.3.2 Individual parameters

Resting calcium level

The resting calcium levels determined for POMC neurons in this study ranged be-

tween 0.021 (for the ND cohort) and 0.040 µM (for the HFD cohort). This is well

within the range of previously observed levels in vertebrate neurons (0.015 – 0.022

µM for proximal dendrites in hippocampal neurons, Liao and Lien, 2009; 0.046 µM in

the rat calyx of Held, Helmchen et al., 1997; 0.071 µM in rat fast-spiking hippocam-

96



4 Discussion

pal basket cells, Aponte et al., 2008; 0.145 – 0.260 µM in rat neurohypophysial nerve

endings, Stuenkel, 1994; 0.157 µM in mouse motoneurons of the nucleus hypoglossus,

Lips and Keller, 1998).

Calcium buffering

The determined endogenous buffering capacity (κs) for POMC neurons ranged be-

tween 84 (for the 3w cohort) and 399 (for the ND cohort). This would would mean

that during a Ca2+ transient, between 1.21 % and 2.5 % of the Ca2+ ions entering the

cytosol would remain free. This is in line with buffering capacities observed in other

vertebrate neurons. Previous studies found estimates for κs that range from 20 - 40

(inhibitory hippocampal interneurons, Foehring et al., 2009; adrenal chromaffin cell,

Zhou and Neher, 1993; calyx of Held, Helmchen et al., 1997; mouse hypoglossal mo-

toneurons, Lips and Keller, 1998) over 100 - 174 (cortical layer V neurons, Helmchen et

al., 1996; neurohypophysial nerve endings, Stuenkel, 1994;) to 900 - 2000 (rat superior

cervical ganglion neurons, Wanaverbecq et al., 2003; rat cerebellar Purkinje neurons,

Fierro and Llano, 1996).

Calcium extrusion and endogenous decay constants

The endogenous decay time constants of the calcium signal in POMC neurons were

extrapolated to conditions where no exogenous buffer is present. For POMC neurons

they were found to be between 1.2 s (3w) and 2.8 s (ND) and are well within the range

that has been reported previously. Previous estimates for decay time constants of the

calcium signal ranged between 0.7 s in mouse hypoglossal motoneurons (Lips and

Keller, 1998), 1.7 s in mouse oculomotor neurons (Vanselow and Keller, 2000), 3 s in

rat Purkinje cells (Fierro et al., 1998) and 1 - 5 s in rat nucleus basalis neurons (Tatsumi
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and Katayama, 1993). The estimates for the calcium extrusion rate in POMC neurons

was between 60 s−1 (3w) and 134 s−1 (ND). This is in accord with other studies that

have found extrusion rates between 60 s−1 in mouse hypoglossal neurons (Lips and

Keller, 1998), 156 s−1 in mouse oculomotor neurons (Vanselow and Keller, 2000), 580

s−1 in dendrites of fast spiking rat hippocampal basket cells (Aponte et al., 2008), 900

s−1 in the rat calyx of Held (Helmchen et al., 1997) and 2000 s−1 in dendritic regions

of rat cortical layer V neurons (Helmchen et al., 1996).

4.3.3 Methodical implications

To obtain meaningful values using the ’added buffer’ approach, the fluorimetric cal-

cium indicator needs to be calibrated to determine the relationship between fluores-

cence ratio and calcium concentration. This was done according to Grynkiewicz et

al. (1985). The data acquisition and calibration process, however, can introduce sev-

eral sources for error that need to be considered. First, the preparation and imaging

setup themselves can introduce errors during the acquisition of the fura-2 fluorescence

(background fluorescence, bleaching, errors during detection, amplification and dig-

itization of the fluorescence; Moore et al., 1990). To keep these errors minimal, the

experimental procedure was optimized to obtain fluorescence signals with a reson-

able signal to noise ratio while keeping the exposure time, excitation intensity and

thus the bleaching as low as possible. Additionally, we applied a background reduc-

tion protocol (see Methods). Second, errors can occur during the calibration process

of fura-2. A source of error could be, for example, a miscalculation of the actual free

Ca2+ concentration in the calibration solutions due to pipetting errors, impurities and

variations in temperature and pH (McGuigan et al., 2007). Additional errors could be

introduced by differences in fura-2 calibration parameters (e.g. Kd) due to differences
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in viscosity between the calibration solution and the cytosol or due to fura-2 decom-

position (Moore et al., 1990; Poenie, 1990; personal communication, Andreas Pippow).

To ensure a precise estimate of the free Ca2+ concentration during the fura-2 calibra-

tions for this thesis, the calibration solutions were freshly made and the free Ca2+

concentration of calibration solutions was determined with a Ca2+ selective electrode

(see Methods; McGuigan et al., 1991).

4.3.4 Outlook

It has to be considered that in addition to the reported findings, this study has also

established a basis for further exploration of the larger complex of changes in calcium

homeostasis that are induced by diet and happen during aging. Additional experi-

ments should be performed to further elaborate the findings of this thesis. Several

resulting questions should be addressed:

Are the observed changes in Ca2+ homeostasis restricted to POMC neurons or is

this a general effect in hypothalamic neurons? To address this question experiments

could be performed, for example, where the same experiments as in this thesis are

performed in brain slices of the same mouse line but with neurons of the ARC that do

not express EGFP (non-POMC neurons).

Are these changes in the Ca2+ homeostasis of POMC neurons reversible? To ad-

dress this question, the Ca2+ homeostasis in POMC neurons of HFD mice that were

switched to a normal chow diet at P140 could be analyzed at P315 and compared to

the data from normal chow diet mice.

Does caloric restriction have an effect on the Ca2+ homeostasis of POMC neurons?

In this case, a third cohort of mice that would have received a low calorie diet from

P21 on could be compared to the data from ND and HFD mice recorded during this
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thesis.

As mentioned earlier, it would also be of interest to determine the contribution of

the different calcium channel types to the observed changes in current density and I/V

relations. For this, calcium current recordings with channel specific blockers could be

performed.

To gain a greater understanding of the complex changes in the parameters that

shape intracellular Ca2+ dynamics found during this thesis, simulations of the intra-

cellular free Ca2+ dynamics using the determined parameters (calcium influx, calcium

binding ratio, calcium extrusion rate) for POMC neurons should be performed (Pip-

pow et al., 2009). This would help to illustrate and better understand the impact of the

observed changes on the endogenous intracellular Ca2+ dynamics of POMC neurons.

Furthermore, the contribution of buffering proteins to the calcium binding ratio in

POMC neurons would also grant a better understanding of the observed the changes

in Ca2+ homeostasis. To determine the contribution of involved buffering proteins,

quantitative single-cell reverse transcription polymerase chain reaction (RT-PCR) could

be performed subsequent to whole-cell patch-clamp experiments (Liss and Roeper,

2004).

It should also be investigated how different Ca2+ clearance systems contribute to the

extrusion rate (Fierro et al., 1998). For example, experiments are currently being per-

formed in our laboratory to assess the contribution of mitochondrial Ca2+ clearance

and the possible involvement of reactive oxygen species as a cause for the reduced

extrusion rate in POMC neurons of the HFD cohort.
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4.4 SIM1 neurons

It is known that the periventricular and medial parvocellular subdivisions of the

PVH are POMC neuron target regions with dense innervation by POMC neurons and

that SIM1 neurons play an important role in melanocortin mediated satiety signaling

(Cowley et al., 1999; Balthasar et al., 2005). Previous studies have also revealed that the

PVH contains electrophysiologically distinct neuron types (Tasker and Dudek, 1991;

Luther and Tasker, 2000; Luther et al., 2002). However, the electrophysiological param-

eters of SIM1 neurons (a genetically defined subpopulation of PVH neurons) have not

yet been elucidated. Therefore, the electrophysiological responses of SIM1 neurons

to current injection were characterized. It was found that SIM1 neurons in the PVH

comprise a heterogenous population of electrophysiologically and pharmacologically

distinct neuron subtypes. In addition, the found SIM1 neuron subtypes could be

matched to neuron types that have been described previously in the PVH. Further,

two subtypes of parvocellular SIM1 neurons (pre-autonomic and neurosecretory neu-

rons) that could be candidates for second-order neurons to POMC neurons were char-

acterized by their active membrane properties and sensitivity to the ATP-sensitive

potassium channel blocker tolbutamide.

4.4.1 Parvocellular SIM1 subtypes in the pvPVH and mpPVH

It was found that SIM1 neurons of the mp and pv subdivisions can be classified into

the two known parvocellular sub-types: neurosecretory and pre-autonomic neurons.

Parvocellular neurosecretory neurons displayed a weaker spike frequency adapta-

tion, a larger afterhyperpolarization after depolarizing current injection and it took

longer for them to reach EM after a hyperpolarization to -100 mV compared to pre-
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autonomic neurons. The neuron sub-types further showed different sensitivities to

the KATP channel specific blocker tolbutamide. Only a minority of recorded parvocel-

lular neurosecretory SIM1 neuron subtypes reacted to tolbutamide application with

a depolarization and increase in action potential firing frequency that was reversible

during wash-out (22.23 %). Of the recorded pre-autonomic subtype, in contrast, the

majority was sensitive to tolbutamide (92.31 %). This suggests that both, the NS and

the PA subtype of SIM1 neurons, comprise further subgroups of neurons. This is in

line with an electrophysiological and morphological study where PA neurons in the

PVH were identified by retrograde tracing and could be classified into different sub-

groups (Stern, 2001).

To further characterize the different subgroups of parvocellular neurons in the PVH,

the underlying currents for the observed responses to current injection should be de-

termined by performing whole-cell voltage clamp experiments where the specific cur-

rents can be isolated by ion substitution and specific blockers.

For example, characteristics and possible differences in the potassium A-current in

NS neurons should be further analyzed. The A-current could be responsible for the

delay in repolarization to EM observed in NS neurons (Connor and Stevens, 1971;

Rush and Rinzel, 1995). Further, the parameter space of the Ca2+-dependent potas-

sium current IK(Ca) should be explored as K(Ca) channels are known to be involved

in the slow AHP following depolarization and spike frequency adaptation (Yarom et

al., 1985).

The hyperpolarization of the membrane potential that was observed in the whole-

cell recordings of SIM1 neurons could be due to wash-out of ATP. In the absence of

ATP, the KATP channels would open and thus hyperpolarize the neuron. However,

the ATP concentration in the pipette solution (3 mM) should be high enough to keep
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the channels closed. It was previously reported that an ATP concentration of 1 mM is

able to almost completely inhibit KATP channels (Gribble et al., 1997). Also, if the KATP

channels were exclusively responsible for the hyperpolarization in whole-cell mode,

PA neurons would possibly hyperpolarize less, considering the observed differences

in tolbutamide sensitivity and hypothesized differences in KATP channel expression.

As this is not the case, the wash-out of other second messengers might also con-

tribute to the hyperpolarization of the resting membrane potential after break-in. To

avoid this issue, perforated patch recordings should be performed for current clamp

recordings as they leave the intracellular second messenger concentration mostly in-

tact (Horn and Marty, 1988; Akaike and Harata, 1994).

To gain a better understanding of the morphology and distinguish projection pat-

terns of possible neurosecretory neuron subtypes, stainings should be performed in

sagittal brain slices to keep the projection towards the median eminence intact.

Lastly, experiments with MC4R agonists (such as melanotan II; Fan et al., 1997)

should be performed, to determine which SIM1 neuron subtypes in the PVH are di-

rectly involved in energy homeostasis as second-order neurons to POMC neurons.

However, to perform these experiments, a greater understanding of the parvocellular

subtypes might be needed. To be able to distinguish between possible subpopulations

of PA and NS subtypes could be crucial for these experiments as it is possible that only

a small subpopulation of PA or NS neurons actually expresses the MC4R.
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