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Summary

Different transgenic mouse lines were generated by pronucleus injection of a mini-gene,
which allows the tetracycline-dependent expression of an inactive allele of IKK2. Upon aging
one founder line developed motoric deficits reminiscent of ataxia although the transgene
expression system was inactive. Therefore, the question was whether this phenotype was
initiated by transgene insertion mutagenesis. Using BAC and PCR cloning techniques the
integration locus of the transgene could be identified. The insertion of the transgene results
in a deletion of exon 3 of the HCN1 (hyperpolarization-activated, cyclic nucleotide-gated
channel 1) gene thereby establishing a novel knock-out mouse model for HCN1 named
HCN1-ex3/-ex3. HCN1 channels are responsible for “pacemaker” currents, slowly activating
mixed cationic currents that are important determinants of rhythmic firing in the mammalian
heart and brain. Detailed analysis of motor behavior revealed that HCN1-ex3/-ex3 animals have
an impaired performance in rotarod, beam walking and string suspension tests.
Heterozygous HCN1+ex3/-ex3 did not show changes in the motoric behavior. Remarkably, the
motoric deficits of HCN1-ex3/-ex3 are already detectable at six weeks of age but significantly
progress with time. Comparable results were obtained with a previously established HCN1
deficient mouse line targeting exon 4 of HCN1 (HCN1-ex4/-ex4). Histological analysis of the
cerebelli of both mutant mouse lines revealed a reduction in Purkinje cell number and a
reduced dentritic tree complexity. Purkinje cells are essential components of the cerebellar
circuit for performing coordinated movements suggesting that the ataxia phenotype of HCN1
deficient animals depend on changes in Purkinje cell number and/or function. The findings of
this study propose a novel function of HCN1 dependent currents in the regulation of Purkinje
cell homoeostasis upon aging. In addition, skeletal muscle tissue of mutant HCN1 mice
showed clearly myopathic signs consisting of internalized myonuclei and atrophic fibers. In
contrast, the HCN1-ex4/-ex4 mouse model did not show this pathological phenotype.
Morphometric analysis has also shown that in HCN1-ex3/-ex3 mice the size of muscle fibers is
smaller compared to wild type mice. It turned out that most of the atrophic fibers correspond
to fiber type I, which are strongly stained for NADH. Since HCN1 protein could not be
detected in skeletal muscle of wild type animals, the observed muscle phenotype of HCN1ex3/-ex3

mice is most probably induced by the lack of HCN1 function in motorneurons.
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Zusammenfassung

Verschiedene transgene Mauslinien wurden durch die Pronukleusinjektion eines
Minigens, das die Tetrazyklin-regulierte Expression einer Kinase-inaktiven Mutante von IKK2
erlaubt, generiert. Eine der Founderlinien entwickelte mit zunehmendem Alter motorische
Defizite, die einer Ataxie ähnelten, obwohl das Transgenexpressionssystem inaktiv war.
Daher stellte sich die Frage, ob dieser Phänotyp durch eine Transgeninsertionsmutagenese
ausgelöst wurde. Der Intergrationslocus der Transgenkassette konnte mit Hilfe von BACund PCR-Klonierungstechniken identifiziert werden. Dabei resultierte die Integration des
Transgens in einer Deletion von Exon 3 des HCN1 Gens (hyperpolarization-activated, cyclic
nucleotide-gated channel 1). Auf diese Weise konnte ein neues Knock-out Mausmodell für
HCN1 etabliert werden, das HCN1-ex3/-ex3 genannt wurde. HCN1 Kanäle sind für
Schrittmacherströme verantwortlich, die sich aus langsam-aktivierten und gemischten
Kationenströmen zusammensetzen und für Herzrhytmus und rhythmische Aktivitäten des
Gehirns von Säugetieren wichtig sind. Die detallierte Charakterisierung des motorischen
Verhaltens zeigte, dass HCN1-ex3/-ex3 Tiere beim Rotarod, Beam Walking und String
Suspension Test eine beeinträchtigte Leistung aufweisen. Bei heterozygoten HCN1+ex3/-ex3
Tieren konnte keine Veränderungen im motorischen Verhalten festgestellt werden.
Bemerkenswerterweise treten die motorischen Defiziten bei HCN1-ex3/-ex3 Tieren schon im
Alter von sechs Wochen auf und verschlechterten sich mit zunehmenden Alter.
Vergleichbare Ergebnisse wurden mit einer anderen etablierten HCN1 Knock-out Mauslinie
erzielt, bei der Exon 4 von HCN1 inaktiviert wurde (HCN1-ex4/-ex4). Die histologische Analyse
des Kleinhirns von beiden Mauslinien zeigte eine Reduktion der Purkinje-Zellzahl sowie eine
verringerte Komplexität des Dendritenbaums. Da Purkinje Zellen die entscheidenden
Komponenten bei cerebellaren Verschaltungen sind, die koordinierte Bewegungsabläufe
ermöglichen, ist davon auszugehen, dass der Ataxie-Phänotyp von HCN1 Knock-out Tieren
von Änderungen in der Purkinje Zellzahl und/oder deren Funktion abhängt. Die Ergebnisse
dieser Arbeit legen daher eine neue Funktion von HCN1 abhängigen Strömen in der
Regulation der Purkinjezellhomeostase beim Altern nahe. In weiteren Analysen konnte
zudem festgestellt werden, dass das Skelettmuskelgewebe von mutanten HCN1-ex3/-ex3
Tieren klar myopatische Zeichen wie internalisierte Zellkerne und atrophische Fasern
aufweist. Im Gegensatz dazu konnte dieser pathologische Phänotyp im HCN1-ex4/-ex4 Mausmodell nicht nachgewiesen werden. Die morphometrische Analyse hat auch gezeigt, dass
bei HCN1-ex3/-ex3 Mäusen der Durchmesser der Muskelfasern im Vergleich zu Wildtyp Mäusen
kleiner ist. Bei den atrophischen Muskelfasern handelt es vornehmlich um Typ I Fasern, die
eine starke Färbung für NADH aufweisen. Da das HCN1 Protein im Skelettmuskel von
2
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Wildtyp Tieren nicht gefunden wurde, ist es sehr wahrscheinlich, dass die Muskelpathologie
von HCN1-ex3/-ex3 Mäusen auf eine fehlende HCN1 Funktion in Motoneuronen zurückgeht.
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Introduction

1. Introduction

1.1 Cerebellum and its role in motor coordination
The cerebellum is an organ located behind the cerebral cortex of the brain and plays an
important role in motor control over voluntary muscles, balance and muscle tone. It receives
about 200 million incoming neural connections. Anatomically, it can be divided into three
lobes (anterior, posterior and flocculonodular lobe) and gray and white matter regions. In
general, there are four aspects to be considered:
1.1.1

Cerebellum and Muscle Tone

The cerebellum receives connections from both the brain and peripheral parts of the body.
It monitors permanently sensory information from the bones, joints and muscles about their
position, rate and direction of movement and forces acting on them. This information is sent
to motor cortex in order to plan its next move.
1.1.2

Cerebellum and Motor Control

Concerning movement coordination, the cerebellum is constantly comparing the actual
movement of the muscle groups with the motions planned by the motor cortex. In case of a
difference between both of them, the cerebellum sends signals to correct the movement
executed by the muscle groups.
1.1.3

Cerebellum, Balance and Ataxia

Sensory inputs from eyes, the vestibular system and the proprioceptive system help the
body to maintain its equilibrium. This explains why cerebellar injury causes ataxia and an
abnormal gait (Williams and Wilkins. 1995).
1.1.4

Cellular components

Purkinje cells and granule cells play important roles in the cerebellar circuit together with
mossy fibers (MF) and climbing fibers (CF). Histologically, the cerebellar cortex is divided into
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three layers: granular layer where granule cells (Gr) and Golgi cells (Go) are found. In the
middle lies the Purkinje layer, a zone that contains cell bodies of Purkinje cells. At the top lies
the molecular layer, which contains dendritic trees of Purkinje cells and inhibitory neurons
[stellate cells (SC) and basket cells (BC)], which form GABAergic synapses onto Purkinje cell
dendrites (Figure 1). Purkinje cells receive also glutamatergic inputs from climbing fibers and
parallel fibers (PF). Axons from Purkinje cells project to deep cerebellar nuclei (CN), which
are responsible for sending information to inferior olive and premotor areas. (Llinas RR,
Walton KD, Lang EJ. 2004).

Figure 1: Cellular organization of the cerebellum. Representative neuronal connections are indicated. Long-term
depression (LTD) in Purkinje cells is induced by the conjunctive activation of parallel fibres (PF) and climbing
fibres (CF). 5-HT, 5-hydroxytryptamine (serotonin); BC, basket cell; CN/VN, cerebellar nuclei/vestibular nuclei;
Go, Golgi cell; Gr, granule cell; IO, inferior olive; Lg, Lugaro cell; MF, mossy fibre; N–C, nucleo–cortical projection;
N–O, nucleo–olivary projection; PCN, precerebellar nucleus; Pd, peptidergic fibre; pRN, parvocellular red nucleus;
R–O, rubro–olivary projection; SC, stellate cell; UB, unipolar brush cell (Ito M. 2008. Nat. Rev. Neursci.).
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1.2 Ataxia
Ataxia is derived from the Greek word meaning “irregularity” or “disorderliness”. It involves
a complex group of syndromes and diseases characterized by unsteady and clumsy motion
of the limbs of trunk due to a failure of the gross coordination of muscle movements, resulting
in a poor motor coordination. Ataxic patients are unable to walk in a straight line and may
have blurring of vision due to eye movements abnormalities. This disease can be classified
in two gropus: acute and chronic ataxias (Jankovic Joseph. 2002).
1.2.1

Acute ataxias

In acute cases (sudden), the most common cause is either stroke or hemorrhage in the
area of cerebellum. In children, bacterial or viral infections can cause ataxia. Subacute onset
of ataxia (within a week) is usually seen in paraneoplastic cerebellar degeneration (Jankovic
Joseph. 2002). Paraneoplastic syndromes are a group of rare disorders that are triggered by
an abnormal immune system response to an undetected malignant tumor. The cancerfighting antibodies mistakenly attack proteins expressed in Purkinje cells. High titers in the
patient's serum and cerebrospinal fluid (CSF) of auto-antibodies directed against both
neurons and tumor have been detected in some forms of this syndrome. A common initial
symptom is loss of coordination, which begins on one side and progresses involving both
sides equally (Inuzuka T. 2000) There was a trial to establish a mouse model of
paraneoplastic cerebellar degeneration using passive transfer of anti-Yo (polyclonal IgG
autoantibody directed against Purkinje's cells) antibodies from patients with paraneoplastic
cerebellar degeneration associated with gynecological or breast caricinoma but it was not
successful. Although the mice produced high anti-Yo antibody, none developed cerebellar
ataxia or showed Purkinje cell loss (Tanaka K et al., 1994).
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1.2.2

Chronic ataxias

Patients with chronic progressive ataxia have standing problems over years. The most
important pathologies are:
1.2.2.1 Episodic ataxia
This is a disorder characterized by intermittent spells of ataxia with complete recovery
between episodes. Type 1 ataxia is caused by genetic mutations in voltage potassium
channel (KCNA1) gene and type 2 in the cerebral P/Q type calcium channel (CACNA1A). For
type 1 episodic ataxia there is already available a mouse model, which has a V408A
mutation in Kv1.1 gene and in the heterozygous state shows a stress-induced motor
coordination deficits (Herson PS et al., 2003).
1.2.2.2 Spinocerebellar ataxias (SCA)
This group of diseases represents the most common form of chronic progressive ataxia in
adult patients. They are caused by the degeneration of pathways between the spinal cord
and cerebellum. Up to now 14 subtypes are known and most of these disorders have a
genetic origin (autosomal dominant pattern of inheritance). Extra nucleotide repeats in the
DNA, such as CAG is the cause of this disease. Typical symptoms in SCA are gait ataxia,
eye movement abnormalities and dysarthria (a motor speech disorder). Some of the SCAs
(SCA1, 2, 3, 4, 7 and 8) also cause peripheral neuropathy (Jankovic Joseph. 2002). For
example, SCA7 result in blindness and cause damage to the retina and the macula in the
eye. A mouse model for this autosomal dominant disease was already generated. Lines of
transgenic mice expressing ataxin-7 with 92 glutamines developed phenotype presenting a
gait ataxia (Garden GA et al., 2002). A transgenic mice expressing the human SCA1 gene
with either a normal or an expanded CAG tract (ataxin-1 82Q) was already studied. Both
transgenes were stable in parent to offspring transmissions. Transgenic animals with the
expanded SCA1 allele developed ataxia and Purkinje cell degeneration (Burright EN et al.,
1995). These animals also show decreased motor learning, a loss of proximal dendritic
branches and a decrease in the number of dendritic spines in Purkinje cells (Clark HB et al.,
1997)
In addition to SCA, other inherited disorders can also cause ataxia, for example DRPLA
(dentatorubropallidoluysan atrophy). This is a disorder characterized by difficulties with
walking, problems with speech, dementia, chorea (involuntary writhing type of movements)
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and jerkiness of muscles (myoclonus). In some younger patients seizures have been
reported (Jankovic Joseph. 2002).
1.2.2.3 Autosomal recessive ataxias
Freidrich’s ataxia is an autosomal recessive ataxia that presents a risk of 25% of
inheritance from the affected parent to children. It is due to excessive repeats of nucleotides
GAA in the DNA. Patients have ataxia along with spasticity, dysarthria, nystagmus,
weakness of lower extremities and sensory problems. This is a slow progressive disorder;
patient become wheelchair bound within 10-20 years after onset (Jankovic Joseph. 2002). A
mouse model generated by deletion of exon 4 located in frataxin gene was studied. This
leads to inactivation of the Frda gene product and results in the loss of frataxin, a
mitochondrial protein involved in iron homeostasis. Homozygous deletions cause embryonic
lethality demonstrating an important role for frataxin during early development (Cossee M et
al., 2000). Other recessively inherited ataxias include vitamin-E deficiency (due to alpha
tocopherol transfer protein deficiency or abetalipoproteinemia), ataxia telangiectasia, and
infantile onset spinocerebellar ataxia among several others.
1.3 Ion channels
Ion channels are a group of proteins that control the flow of ions across cellular
membranes. The physiological role of ion channels in the nervous system is to establish a
rapid and accurate system for intercellular communication. The electrical excitability of each
neuron is in part determined by the set of channels it expresses. However, the activity of
individual channels can be regulated in response to physiological or developmental changes,
and there is growing evidence that ion channels are the site of integration of multiple
electrical and biochemical pathways (Santoro B et al., 1997).
In vivo, ion channels are able to form heterogeneous multimeric proteins complexes
(Grees WN et al., 1995). Pore-forming subunits can interact with auxiliary (β) subunits, Gproteins, cytoskeleton-associated proteins, and protein kinases (Adelman JP. 1995). For
example, the nicotinic acetylcholine receptor (nAchR) located in the brain (Figure 2) consists
of α4 and β 2 subunits where activation yields post- and presynaptic excitation, increasing Na+
and Ca2+ permeability (Rang, Dale, Ritter & Moore, 2003).
Several classes of ion channels are regulated by second messenger molecules including
cyclic nucleotides (Zagotta WN et al., 1996; Hoshi T, 1995) and Ca2+ (Adelman JP et al.,
1992; Kohler M, 1996). Those channels are very important in the control of neuronal
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Figure 2: The α4β2 nicotinic acetylcholine receptor (nAchR). It consists of two α4 subunits and three β2 subunits
and thus is called α 4β2 heteromeric nAchR. The subunits are arranged around a central pore of channel that
opens when agents such as acetylcholine or nicotine bind to the nAchR, allowing positively charged ions to flow
through the channel into the cell, mainly sodium and also calcium (taken with modifications from the National
Institute on Alcohol Abuse and Alcoholism NIAAA, Bethesda, MD).

communication coupling biochemical cascades with electrical activity. For example,
nucleotide-regulated channels, which are present in photoreceptors, and the largeconductance Ca2+-activated K+ channel found in vascular smooth muscle cells (Ledoux J et
al., 2006).
Other channels belong to the ligand-gated ion channel family such as nAchR mentioned
above and GABAA receptor (GABAAR), which are composed of five subunits arranged
around a central pore that opens to allow ions to pass through. Upon activation, GABAAR
selectively conducts Cl-, resulting in hyperpolarization of the neuronal membrane (Martin IL et
al., 1998).
1.3.1 Potassium channels
Potassium channels are the most widely distributed type of ion channel and are found in
virtually all living organisms. In neurons, they shape actions potentials and set the resting
membrane potential. Potassium channels also contribute to the regulation of the action
potential duration on cardiac muscle. (Littleton JT et al., 2000).
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Several structural classes of potassium channels are known and can be classified
according to their transmembrane (TM) structure. The 6TM proteins include the voltage
gated K+ channels (KV), and the Ca2+-activated K+ channels (KCa). Both the N- and C-termini
of these proteins are located intracellulary and the region between the fifth and sixth
transmembrane domains (the P-region) forms the ion conduction pathway. The tetrameric
association of these 6TM/1P subunits forms the functional channel (Figure 3b).
The 2TM proteins include the inward rectifiers (IRKs), which are able to pass positive
current more easily into the cell, the KATP (pancreatic beta cells and cardiomyocytes) and the
G protein-coupled channels (GIRKs), which are opened via interaction with G-protein βγ
subunits. GIRKs are distributed in central nervous system and the heart (Dascal N. 1997;
Yamada M et al., 1998). The N- and C-termini of these proteins are also located
cytoplasmically and the P region between the two transmembrane domains forms the pore.
The functional channel is a tetramer of these 2TM/1P subunits (Figure 3a).
Another class of proteins has a 6TM/1P segment linked in tandem to a 2TM/1P segment,
and the functional channel is formed from the dimeric association of the 8TM/2P subunit
(Figure 3c).
Yet another class of channels, the K2P family, contains two 2TM/1P region-containing
subunits linked in tandem (Figure 3d), and the functional channel is a dimmer of the 4TM/2P
subunits (George A et al., 2003).
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Figure 3: The four main classes of potassium channel. A: 2TM/P channels, which consist of two transmembrane
+

+

(TM) helices with a P loop between them, exemplified by inwardly rectifying K channels and by bacterial K

channels such as KcsA. B: 6TM/P channels, which are the predominant class among ligand-gated and voltage+

gated K channels. C: 8TM/2P channels, which are hybrids of 6TM/P and 2TM/P, and were first found in yeast. D:
4TM/2P channels, which consist of two repeats of 2TM/P channels. 8TM/2P and 4TM/2P probably assemble as
dimers to form a channel. S4 is marked with plus signs to indicate its role in voltage sensing in the voltage-gated
+

K channels (Choe S. Nat Rev Neurosci 2002).

1.3.2

Cyclic Nucleotide-regulated cation channels (CNG)

CNG channels play an important role in visual and olfactory systems. The structure
consists of six α-helical transmembane segments (S1-S6) and an ion pore loop between S5
and S6. Both the N- and C-termini are localized in the cytoplasm (Kaupp U et al., 2002;
Hofmann F et al., 2005; Biel M et al., 2007). In the retinal photoreceptors, CNG are formed
by two subunits and they control calcium levels and membrane potential. In darkness (cones
and rods), CNG channels keep opened by high internal concentration of cGMP (Figure 4),
which results in both Na+ and Ca2+ influx, thus producing depolarization of the photoreceptor
with further glutamate release (synaptic transmission). When light-induced hydrolysis of
cGMP is produced, then CNG channels are closed and the membrane is hyperpolarized and
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therefore, no glutamate release takes place (Biel M. 2009).

Figure 4: Graphical summary of key components of the visual transduction cascade. Rhodopsin is indicated by
RHO, transducin by T and phosphodiesterase by PDE. In darkness, CNG channels are kept opened by cGMP,
thus producing depolarization of the photoreceptor and therefore glutamate release (Farrar GJ et al. EMBO
2002).
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1.3.3

Hyperpolarization-activated, cyclic nucleotide-gated channels (HCN)

The hyperpolarization-activated, cyclic nucleotide-gated channels are nonselective cation
channels. They are expressed mainly in neurons and cardiomyocytes. These channels have
been named pacemaker channels due to their functional properties and their presence in
spontaneously active cells (Herrmann et al, 2007). HCN channels are responsible for
pacemaker currents known as I h, I f or I q and collectively referred as Ih, which are slowly
activating mixed cationic currents composed of Na+ and K+ ions with a permeability ratio of
1:4. HCN channel is activated by hyperpolarization of the membrane and modulated by direct
binding of cyclic AMP (cAMP) to the carboxy-terminal 120 aminoacid cyclic nucleotide
binding domain (CNBD) that allows the channels to open more rapidly (Figure 5) and
completely after repolarization of the action potential (Santoro B et al, 1998; Ludwig et al.,
1998; DiFrancesco et al., 1991), thus accelerating rhytmogenesis (Kaupp et al., 2001; Pape
HC. 1996).

Figure 5: Currents from inside-out patches obtained from injected oocytes containing either HCN1 (a) or HCN2 (b)
channels. Top, currents in absence of cAMP; bottom, currents with cAMP (30 and 3 µM in a and b, respectively)
in the solution bathing the internal side of the membrane. Currents were elicited by 3 s hyperpolarizations from a
holding potential of -30 mV to a range of test potentials (Wainger et al. Nature. 2001).

13

Introduction
The four mammalian HCN isoforms (HCN to HCN4) have been heterologously expressed
(Santoro B et al., 1998; Ishii TM et al., 1999; Ludwig et al., 1999; Vaccari et al., 1999) and
the time-dependent (Ih) currents produced by these channels differ from each other mainly in
their sensitivity to cAMP and rates of activation. The time constants for activation follow the
series HCN1<HCN2<HCN3<HCN4 (Santoro B et al., 1998; Ludwig A et al., 1998; Ishii TM et
al., 1999; Moosmang S et al., 2001).
In some neurons in the central nervous system, HCN channels act as genuine pacemaker
channels. For example, in thalamocortical relay neurons, HCN current produces a
depolarization of the membrane potential followed by a Ca2+-spike carried by T-type Ca2+
channels (Pape HC, 1996; Robinson RB et al., 2003). The Ca2+ spike initiates then a burst of
action potentials. However, in cerebellar Purkinje neurons, HCN channels are not acting as
primary pacemakers, but to counteract an otherwise long-lasting hyperpolarization caused by
a series of inhibitory postsynaptic potentials (IPSPs), which would inhibit spontaneous firing
(Williams SR et al, 2002). Hence, it was proposed that in Purkinje cells, HCN channels keep
the membrane potential in a range where other pacemaking ion channels can function
properly (Robinson RB et al., 2003).
Like voltage-gated K+ channels, HCN channels are tetramers (Xue T et al., 2002) formed
by monomeric subunits consisting of 6TM segments (S1-S6) including a pore-forming P-loop
containing the glycine-tyrosine-glycine (GYG) signature motif found in almost all K+-selective
channels between S5 and S6 (Figure 6) and cytoplasmic amino and carboxyl termini
(Gauss et al, 1998; Xue T et al., 2002). Different HCN isoforms can co-assemble with each
other to form heteromultimeric complexes, increasing the diversity of the molecular identity of
native If (Xue T et al.,2002; Chen S et al., 2001; Ulens C et al., 2001).
1.3.3.1 HCN1 channels
HCN1 is present in the neocortex, hippocampus, cerebellar cortex, brain stem and in αmotoneurons of the ventral horn of the spinal cord (Milligan CJ et al., 2006; Moosmang S et
al., 1999; Notomi T et al. 2004; Santoro B et al., 2000; Santoro B et al., 1997). It is also
located in the sinoatrial node (SAN) of the heart (Moroni A et al., 2001; Shi W et al., 1999).
Compared to other isoforms, HCN1 is the fastest channel and is only weakly affected by
cAMP (Männikkö R et al., 2002).
Deletion of HCN1 in mice results in deficit in motor learning. Mice globally deficient for
HCN1 have been generated and analyzed. They are viable and indistinguishable from wild
type in health and anatomy. However, the learning of fast movements is profoundly impaired
in mutant animals. This phenotype is most probably caused by the loss of HCN1 activity in
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Purkinje neurons of the cerebellum, which are primarily concerned with postural control and
motor coordination. In mutant animals the electrical spontaneous activity of Purkinje cells is
not altered demonstrating that HCN1 does not operate as primary pacemaker in these
neurons. Mutant Purkinje cells display a pronounced membrane hyperpolarization resulting
in a reduction in cell firing upon injection of negative current. In wild type mice was shown
that Purkinje cells' firing is independent of the previous state (active or silent). The opposite is
found in mutant cells: firing is reduced if they come from a silent state and is dependent on
the preceding state of activity. Therefore, HCN1 guarantees an input-output relation of
Purkinje cells independent of their previous state, which seems to be necessary for the
correct learning of rapid movements resulting in Purkinje cell inhibition and excitation (Nolan
MF et al., 2003).
HCN1 channels have a different function in hippocampal CA1 neurons. Deletion of this
channel from the forebrain region (HCN1f/f,cre) leads enhances hippocampal-dependent
learning and memory. Electrophysiological experiments (Figure 7) show that long-term
potentiation (LTP, a long-lasting enhancement in signal transmission between two neurons
that results from stimulating them synchronously) at the direct perforant path input to the
distal dendrites of CA1 neurons is enhanced in HCN1 knockouts compared to floxed
(HCN1f/f). Therefore, HCN1 channels can regulate learning and memory by constraining LTP
at distal synaptic inputs to hippocampal pyramidal neurons, but has small effects on LTP at
the more proximal Schaffer collateral inputs (Nolan MF et al., 2004).

Figure 6: Putative transmembrane topology of HCN1. The six putative transmembrane segments (S1–S6) of a
monomeric HCN subunit. The approximate locations of the S3-S4 residues (i.e. Asp233 and Glu235, HCN1
numbering) are important for electrophyisiological regulation. The GYG selectivity motif and the cyclic nucleotidebinding domain (CNBD) are also shown (Henrikson CA et al. J Biol Chem. 2003).
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Figure 7: HCN1 constrains LTP at perforant path, but not Schaffer collateral inputs to CA1 pyramidal cells. (A and
B). The mean slope of Schaffer collateral (A) and perforant path (B) fEPSP (field excitatory postsynaptic potential)
normalized to the average baseline slope is plotted as a function of time. LTP (long term potentiation) is induced
f/f

at time zero. Insets show representative fEPSPs from HCN1 and HCN1
and 0.5 mV and in (B) 20 ms and 0.2 mV (Nolan MF et al., Cell. 2004).
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1.3.3.2 HCN2 channels
HCN2 is ubiquitously present in both the brain and the heart. HCN2 deficient mice are
hypoactive; show absence epilepsy and sinus node dysfunction. The frequent occurrence of
spike-wave discharges accompanied by behavioral arrest explains in part the hypoactivity of
the animals (Ludwig et al., 2003). There are two aspects to be considered in HCN2 and its
role in physiological processes:
First, the mechanism of the generation of spike-and-wave discharges in HCN2 knock-out
mice is probably related to the increased responsiveness of thalamocortical neurons.
Injection of positive currents results in burst firing of these neurons instead of single spike
firing as observed in wild types. In addition, recording of calcium transients by two-photon
microscopy shows an increased oscillatory activity in thalamic slices. These events may be
due to the enhanced activity of T-type calcium channels, which are voltage-gated channels
and T stands for transient referring to the length of activation. Under normal conditions, Ttype calcium channels are inactivated at resting membrane potential, but the lack of HCN2
leads to hyperpolarization of thalamocortical neurons promoting recovery of T-type calcium
channels (Perez-Reyes E. 2003; Talavera K et al, 2006).
Second, HCN2 mutants exhibit sinus arrhythmia. Surprisingly, the deletion of HCN2 has
no effect on heart rate. Previous findings indicate that HCN2 is not required for modulating
basal as well as stimulated heart rate. Electrophysiological recordings from isolated SAN
cells of HCN2-/- animals show a reduction in If current amplitude by about 25% as compared
to wild type. In addition, the loss of HCN2 results in a more hyperpolarized maximum
diastolic potential (5 mV) in these cells. This hyperpolarization shift may cause sinus
arrhythmia (Qu J, et al 2001).
1.3.3.3 HCN3 channels
HCN3 is expressed at very low levels in the central nervous system. It is found only in
olfactory bulb and some hypothalamic nuclei (Moosmang S et al., 1999; Notomi T et al.,
2004). Although there is already a knock-out mouse model for this gene, no phenotype has
been reported (Mader R et al., 2003).
1.3.3.4 HCN4 channels
Mice with global- or cardiomyocyte-specific deletion of HCN4 die in uterus between
embryonic days 10 and 11.5 (Stieber J et al., 2003). The deletion of HCN4 drastically affects
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heart function. For example, the heartbeat of mutated embryos is decreased by about 40%
as compared to wild-type embryos. In addition, hearts from mutant animals show no
response to the administration of cAMP, whereas the contraction rate of wild type hearts is
significantly increased. In addition, embryonic If is reduced by about 80% in cardiomyocytes
isolated from HCN4 knock-out mice. Therefore, the determination of basal heart rate as well
as its sympathetic stimulation is mediated by this channel in the embryo. (Qu J et al., 2001).

1.3.3.5 HCN and its role in disease
In a mouse model of childhood febrile seizures (Chen K et al, 2001; Chen K et al., 1999)
was found that after febrile seizures HCN1 was down-regulated in hippocampal pyramidal
neurons while HCN2 was up-regulated, resulting in a decrease ratio of HCN1:HCN2 from 8:1
to 4:1 (Brewster A et al., 2002; Brewster A et al., 2005). Probably this deviation from the
normal ratio may play an important role in the generation and the long-term maintenance of
hippocampal hyperexcitability (Biel M. 2009). In addition, HCN2 knockout mice display
frequent bilaterally synchronous SWDs (spike and waves discharges) in the EEG
(electroencehalography) accompanied with behavioral arrest (short episodes of immobility).
Electrophysiological recording on thalamocortical neurons show that in these animals Ih is
very low and the resting membrane potential is shifted to hyperpolarized potential, explaining
the increased burst activity (Abbas SY et al, 2006; Ludwig A et al., 2003; Rateau Y et al.,
2006; Ying SW et al., 2007)
Other aspect to be considered is the neuropatic pain. Increased densities of Ih were found
in dorsal root ganglion neurons after experimentally induced injuries, suggesting that the upregulation mentioned above is the cause to the generation of ectopic firing (Chaplan SR et
al., 2003; Kitagawa J et al., 2006; Yao H et al., 2003).
In cardiovascular diseases a remodelling of the heart takes place. Animal models of
cardiac hypertrophy (Cerbai E et al., 2006; Herrmann S et al., 2007; Mangoni ME et al.,
2008) show a profound up-regulation of Ih channels in ventricular cardiomyocytes and an
increased expression of HCN channels (Cerbai et al., 1994; Cerbai et al., 1996; FernandezVelasco M et al., 2003; Hiramatsu M et al., 2002; Hoppe UC et al, 1998; Stilli D et al, 2001;
Stillitano F et al, 2008; Zorn-Pauly K et al., 2004).

18

Aim of the study

2. Aim of the study

It was generated a transgenic mouse line by microinjection of fertilized oocytes (NMRI
outbred) with a mini-gene, which allows the tetracycline-dependent expression of dominantnegative allele of IKK2 (Herrman et al., 2005), leading accidentally to an ataxia phenotype.
The aim of this study was first to determine the gene affected by the transgene integration
and to find out the cause of the ataxia phenotype involving:
-Analysis of the affected gene
-Determination of the exact location where the transgene was integrated.
-Evaluation of the phenotype
During the last years, a mouse model lacking HCN1 was developed (Nolan et al., 2003).
Anatomically they look normal compared to wild type mice. However, they present
impairments in learning of fast movements. This phenotype is most probably caused by the
loss of HCN1 activity in Purkinje neurons of the cerebellum, which are primarily concerned
with postural control and motor coordination.
Since HCN1 is the gene affected in the mouse line studied, the aim of this work was to
characterize this novel HCN1 deficient mouse model lacking exon 3 and reinvestigate the
previously published HCN1-/- mice. This study was meant to:
-Confirm no translocation of genomic DNA
-Confirm that mutation of IKK2 has no effect on the phenotype
-Determine how HCN1 is affected at both genomic and protein levels
-Analysis of the phenotype at histological level
-Perform a quantitative analysis of the phenotype using motor behavior paradigms
-Examine weather motoric deficiencies progress with age
-Compare our model with a previous developed mouse model
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3. Materials and Methods

3.1 The HCN-ex3/-ex3 mouse line
This mouse line was generated by microinjection of fertilized oocytes (NMRI outbred) with
a mini-gene (pBI5-VSV-IKK2-DN), which allows the tetracycline-dependent expression of
dominant-negative allele of IKK2 (Herrmann et al., 2005). Several founder lines were
identified by PCR of genomic tail DNA. One founder line developed an obvious motoric
phenotype in the homozygous state. Mice were kept in a specific pathogen-free (SPF) animal
facility at Ulm University. The mice were housed on a 12-hour light/dark cycle, and standard
diet was provided. All mouse procedures were performed in compliance with the guidelines
for the welfare of experimental animals issued by the Federal Government of Germany.
Since there was no expression of the encoded transgene we supposed that this
phenotype arises independent of the function of the IKK2 allele and rather develops due the
random integration of the transgene cassette in a specific gene locus. To identify this gene
locus, genomic DNA fragments were obtained by partial digestion with HindIII. Then these
fragments were inserted into a pIndigo BAC vector in order to create a BAC library, which
was further screened by PCR using transgene specific primers (Bio S&T, Montreal, Quebec,
Canada). From this library, three positive clones containing transgenic sequence named C4
(180 kb), B9 (85 kb) and E6 (155 kb) were identified and end-sequenced using forward (T7)
and reverse (M13R) primers. Using bioinformatic tools genomic regions on chromosome 13
containing the HCN1 gene could be identified. The exact integration site of the mini-gene
was then determined by sequencing PCR products with primers located in introns 2 and 3 of
the HCN1 gene, and in the transgene (luciferase and β-globin sequences). Subsequently, the
corresponding PCR products were sequenced.
3.2 Genotyping of experimental mice
3.2.1 DNA preparation
For genotyping was necessary one DNA probe per mice. Young mice were separated
from the mother and a 3 mm tail was taken. In order to assign a correct genotype, all mice
were previously marked on the ear with a proper identification number.
The DNA isolated from tails was prepared using the NaCl protocol after an overnight
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digestion at 56°C in TNES buffer and Proteinase K. Finally, genomic DNA probes were
stored at 4°C.
3.2.2 Genotyping
PCR reactions were performed using a Thermal Cycler (Peqlab primus 96 advanced) and
Taq polymerase (Pharmacia, 5000 U/ml). Genotyping was performed by PCR using genomic
tail DNA and the following primers: 5’-GTG GAT CGT ACA ACA CAC TCC ATA TTA TGG-3’
(up 8-9 kb seq-2) and reverse primer 5’-GTC ATC CTG CCT TGG CAC ACA CTC-3’ (low 89 kb seq-2) amplified a 524 bp fragment located in intron 2 of the gene. As an internal
control, a set of primers that amplified a 444 bp fragment of the transgene (Forward tg up: 5’GGC CGC CCA TAC ACC GAC ATC GAG-3’; reverse tg down: 5’-TGG CAC CTT CCC GCA
GAC CAC AGC-3’) was used (transgenic locus). The annealing temperature for this reaction
was 63°C for 35 cycles.
2 µl genomic DNA were used to perform PCR using the primers mentioned above as follows:
Pipeting scheme
dNTP (2 mM each)

3 µl

5x PCR buffer

6 µl

5’ primer

1.5 µl

3’ primer

1.5 µl

Water

15.8 µl

Taq polymerase

0.2 µl

PCR program
1x

3 min

94°C

35x

45 sec

63°C

85 sec

72°C

45 sec

94°C

1x

1 min

63°C

1x

10 min

72°C
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3.3 RNA preparation and cDNA synthesis
3.3.1 RNA preparation
Total RNA from mouse tissue was snap frozen in liquid nitrogen, pulverized, and then resuspended with 1 ml peqGOLD TriFast

TM

(peqlab laboratories) and aspirated several times

for a good homogenization. After addition 0.2 ml chloroform and a centrifugation for 15
minutes in cold environment, the upper clear (RNA containing) phase was separated from
lower (phenol containing) phase. RNAs were precipitated with 0.5 ml isopropanol, washed
with 1 ml 75% ethanol, dried at room temperature and dissolved in DEPC water. OD was
measured at spectrophotometer.
3.3.2 cDNA synthesis
2 µg RNA was reverse transcribed using M-MLV reverse transcriptase kit (Invitrogen)
according to manufacturer's instructions. Total RNA was denaturated for 10 minutes at 70°C
in the presence of random hexamer primers (1:4) and RNase Guard inhibitor (Invitrogen) and
then cooled down onto ice to enable binding of primers. Then it was added 5x buffer, DTT
and dNTPs (10 mM) and incubated for 10 minutes at room temperature. Finally, M-MLV
reverse transcriptase was added and the reaction was performed at 37°C for 2 hours and
then stopped by inactivation of enzyme for 10 min at 70°C.
3.3.3 RT-PCR and real-time RT-PCR
2 µl out of 1:10 dilution of prepared cDNA were taken to RT-PCR analysis using primers
for either house-keeping gene (PBGD) or desired target genes. Pipeting scheme and PCR
programs used are similar to the previously described for genotyping.
Rapid-cycle PCR reactions were optimized and performed in 10 µl reactions (glass
capillaries) according to the manufacturer's instructions using the Quantitac Master SYBR
Green I kit (Roche). The annealing temperature for this reaction was 64°C for 45 cycles.
(Light Cycler 1.5 Roche). Negative controls comprised replacement of either cDNA or
reverse transcriptase with water. PBGD was used as housekeeping gene. The following
primers and probes were selected for real time PCR using Genscript software: PBGD (5´GAC CTG GTT GTT CAC TCC CT-3´, 5´-TGG GTG AAA GAC AAC AGC AT-3’, amplicon
size 111 bp), HCN1 (5´-AAA CTG CAG GCT TCT GGA TT-3’, 5´-GGT GTT GTC GTC TGC
TCT GT-3´, amplicon size 139 bp). For RT-PCR the following primers were used: PBGD (5´-
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GAG TGG GCA CCC GTA AGA GC-3’, 5´-CCA ATA GTA AAG CCA GGA GGT AGT-3´,
amplicon size 280 bp), HCN1 exons 1-2 (5’-GGC GGC GGA GGA GAG GAG-3’, 5’-GAT
GAT TTC CGA GCT GTC TTC ATT GAC AG-3’, amplicon size 411 bp), HCN1 exons 3-5 (5’CTC GCC AGT GCT GTG GTG AGG-3’, 5’-GTA TCT TCT GGC GCA TGT CAG CTG G-3’,
amplicon size 424 bp), HCN1 exons 4-6 (5’-CAT GCT GAG CAT GAT TGT GGG CGC-3’, 5’CAT TTT CTT CCC CAC AGC TCC TTC TCG-3’, amplicon size 412 bp), HCN1 exons 2-4
(5’-CAG CCA GAG CAC TTC GTA TCG TGA G-3’, 5’-GCG CCC ACA ATC ATG CTC AGC
ATG-3’, amplicon size 400 bp), HCN1 exons 7-8 (5’-GCT ATT GAC CGA CTC GAT CGG
ATA G-3’, 5’-CTG GGA CTG CGG TAG TTG CTG C-3’, amplicon size 465 bp), HCN2 (5’GTC ATC CAT CCC GGT GGA CTA CAT C-3’, 5’-CCA TGT TGT TGA TGG ACA CCC AGC
AG-3’, amplicon size 331 bp), HCN3 (5’-CGT CAC CGC AGT GCT CAC CAA G-3’, 5’-CTG
CTG CCT GGA CTC GGC TC-3’, amplicon size 398 bp), HCN4 (5’-CTC CTC CAT CCC TGT
CGA CTA CAT C-3’, 5’-GTG AGC CAG ACG TCA GAC ATG CC-3’, amplicon size 451 bp).
3.4 Protein extraction and Western blot analysis
3.4.1 Protein extracts
Proteins were extracted from mouse tissues, which were snap frozen in liquid nitrogen,
then pulverized, and finally re-suspended in DIGNAM C solution which contains protease
inhibitors (Roche), 1 mM DTT (Applichem), 1 mM PMSF (Applichem), 25% glycerol, 20 mM
HEPES, 420 mM NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 1% Triton X-100 and 0.02% SDS.
Lysates were passed through 3 freeze/thaw cycles and centrifuged for 20 minutes at 13.000
rpm in a cold environment. Cleared supernatants were collected and protein concentration
assayed using Bradford method.
3.4.2 Determination of Protein concentration values by Bradford assay
Protein concentration of extracts was measured according with a BSA standard curve.
Briefly, 1 µl of protein extracts were mixed with 100 µl 150 mM NaCl and then 1 ml of
Bradford reagent was added, which contains Coomasie Brillant Blue dye. The mix was
incubated for 5 minutes at room temperature and OD was measured at 595 nm.
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3.4.3 Western blotting
For the detection of a target protein, Western blotting technique was used. For this
purpose, the protein mixture was electrophoressed through a SDS gel composed by a lower
separating 10% gel and upper collecting 5% gel. The lower gel was prepared between two
glass plates separated by spacers (BioRad), covered with water-saturated butanol and let
stand for polymerization within 1 hour. Then butanol was removed and replaced by freshly
prepared upper gel. Finally a comb was placed at the loading end of the gel and for 45
minutes it was let stand. After gel polymerization, the entire assemble was placed in an
electrophoresis chamber filled with running buffer. Then 50 µg protein extract were mixed
with 5 µl of 4X Laemli buffer freshly supplied with 5% β-mercaptoethanol and denaturated for
10 minutes. Protein probes were spun down and loaded into free gel slots previously washed
with running buffer. Separation of proteins took place at 200 V for about 1 hour at room
temperature. Transfer of proteins from gel to a previously activated polyvinylidene difluoride
membrane (Immoblion-P transfer membrane, Millipore Corporation, Massachusetts, USA)
was performed at 4°C under a constant current of 35 mA and 100 V for 90 minutes.
Membranes were first washed 3 times in PBS containing 0.2 % Tween-20 (PBST) and then
blocked with 5% non-fat dry milk in PBST for 1 hour at room temperature. After blocking,
membranes were incubated with first specific antibody for target protein at 4°C overnight and
then with a secondary antibody (1:5000) covalently conjugated with horseradish peroxidase
which catalyses a chemiluminiscent reaction. Finally, after washing 3 times with PBST, ECL
substrate (AmershamTM, Buckinghamshire, UK) was added to the membrane and the specific
bands for target proteins visualized by exposing membranes to X-ray films (Fuji Medical),
which were then developed by an AGFA Curix unit.
3.5

Cell culture

3.5.1

Basic procedures

Centrifugation of trypsinized cells was performed in Heraeus centrifuges for 5 minutes at
900 rpm (room temperature). Pelleted cells were resuspended in fresh growing media. For
quantification of cells number a Neubauer chamber was used. A drop of cell suspension was
placed between chamber and coverslip. Cells were quantified on 8 marked quadrates. To
discriminate between living and dead cells, Trypan Blue was used for staining. Finally, the
number of cells is calculated according to:
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Living cells/ml media = average of quantified cells x 104 x dilution factor.
3.5.2 Cultivation of fibroblasts
Cells were cultivated on tissue treated dishes at 37°C in a humidified atmosphere of 5%
CO2. Dulbecco's Modified Eagles Medium (D-MEM) supplemented with 100 U/ml Penicillin,
100 µg/ml Streptomycin and 10% Fetal Bovine Serum (FBS) was used. Every three to four
days cells were washed once with Trypsine 1x and further incubated with Trysine 10X at
37°C for 3 minutes, resuspended in fresh 10 ml growing media and centrifuged at 900 rpm
for 5 minutes. Cell pellet was resuspended in fresh growing media.
3.5.3 Freezing and thawing
Cells in exponentially growing phase were trypsinized and centrifuged for 5 minutes at
900 rpm. Cell pellet was resuspended in 1 ml freezing media (5 ml FBS, 4 ml media and 1 ml
DMSO) and then frozen in three steps, which included: incubation for 1 hour on ice, storage
1 week at -80°C freezer and finally stored in a liquid nitrogen container. For thawing, cells
were transferred quickly from liquid nitrogen phase to a 37°C pre-warmed water bath,
resuspended in 10 ml fresh growing media, centrifuged for 5 minutes at 900 rpm and finally
plated in tissue treated dishes.
3.6

FISH (Fluorescence in situ hybridization)

3.6.1

Preparation of metaphasic chromosomes from cell culture

100 µl of 10 µg/ml Colcemid (Biochrom KG) was added to fibroblasts cell culture (75 cm2
Flasks; 1.920.000 cells/ml) and incubated for 30 minutes at 37°C. Then cells were washed
with 1x Trypsine (GIBCO) and removed using 10X Trypsine (GIBCO). After centrifugation
(900 rpm for 8 minutes at 25°C), cells were resuspended in 10% of supernatant and to this
suspension added drop-by-drop 5 ml 0.4% KCl solution. Then, this suspension was
incubated at 37°C for 15 minutes in water bath and again centrifuged. After this, it was
removed 90% of the solution and resuspended again with 5 ml 0.4% KCl solution and then
centrifuged. The pellet was resuspended adding drop-by-drop 5 ml cold fixative methanol /
acetic acid 1:3 solution and incubated at 4°C for 10-15 minutes. This solution was
centrifuged two times and resuspended in fixative using first 5 ml and secondly 1 ml. Finally,
drops from the suspension were added to wet slides (2 drops per slide), which were dried at
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room temperature overnight (aging).
3.6.2

Denaturation of metaphasic chromosomes

Slides containing metaphasic chromosomes were incubated with 1:100 RNase (stock 10
mg/ml) in 2XSSC solution pH 7.0 at 37°C for 1 hour. Then they were washed 2 times with
2XSSC every 5 minutes and further digested with 0.03 mg/ml pepsin in 1 N HCl for 8 minutes
at 37°C. After washing 4 times with PBS, chromosomes were fixed in 2 steps using PBS,
MgCl2 solution and formaldehyde. After washing 2 times with PBS, samples were dehydrated
with 70, 80, 90 and 99% ethanol. Chromosomes were then denaturated with a mixture of
deionized 70% formamid in 30% 2XSSC pH 7.0 for 30-40 seconds at 68-70°C, incubated
shortly with 2XSSC and again dehydrated with 70, 80, 90 and 99% ethanol and let them
dried at room temperature for 30 minutes.
Solution 20X SSC: 87.6 g NaCl and 44.1 g sodium citrate dissolved in 500 ml double
distilled water. It was adjusted to pH 7.4 using concentrated HCl.
3.6.3 Hybridization
Probes (Cambio) for in situ hybridization and buffer are warmed up at 37°C for 3 minutes
and shortly spun down. Then, the buffer and probes for chromosome 11 (labeled with biotin)
and 13 (labeled with digoxigenin) are mixed according to the manufacturer's instructions and
denaturated at 65°C for 10 minutes plus 60 minutes at 37°C (pre-annealing). Slides
containing chromosomes are placed on a black plate and incubated at 37°C. Then drops of
in situ hybridization probes are added on the corresponding slide and a coverslip is placed
on the slide. Finally, Fixo Gum (Marabu) was added all around the coverslip and slides were
placed in a metal box and incubated for 2 nights in a 37°C water bath.
3.6.4

Washing and Detection

The excess of Fixo Gum was removed and slides were incubated shortly with 2X SSC to
remove coverslips. Then, slides were incubated 2 times with 50% deionized formamid 15
minutes each at 45°C and washed with 1XSSC (45°C). After this procedure, slides were
incubated with 4XSSC for 2 minutes, blocked with 5% BSA for 30 minutes at 37°C and short
incubated with 4XSSC + 0.1 % Tween 20. For chromosome 11 the following antibodies in
5% BSA in 4xSSC+0.1% Tween 20 were used: FITC-avidin (1:200, Vector lab), anti-avidin
(1:100, vector lab) and again FITC-avidin (1:200, Vector lab). For chromosome 13 the
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following antibodies were used: anti-digoxigenin labeleld with cy3 (1:500, Vector lab), Texas
Red conjugated affinity-purified anti-cy3 (1:16, Sheep; Rockland) and Texas red conjugated
affinity purified anti-Sheep IgG (1:33, Donkey; Rockland). Antibodies are placed in a
coverslip and then placed into slides, which are stored inside a metal box and incubated in a
water bath for 30 minutes at 37°C. Finally, slides are washed with 4XSSC in 0.1% Tween 20
at 45°C.
3.6.5 Coloration of chromosomes
Slides were incubated in DAPI (1/1000) solution prepared in 4x SSC pH 7.0 for 4 minutes
in the darkness and then washed shortly in distilled water. Finally, they are dried at 37°C in
the darkness for 25 minutes and mounted with coverslips containing Vectorshield and stored
at 4°C. Pictures were acquired using Isis software (FISH imaging system).
3.7 Integration locus
3.7.1 PCR and cloning
Using primers located in both genomic and transgenic DNA it was found a PCR fragment,
which was further purified (QIAGEN kit), and cloned into the pCAPs vector using the PCR
cloning kit (blunt end; Roche).
3.7.2 Transformation
E. coli XL 1-blue strain competent cells (Stratagene, Amsterdam, The Netherlands) were
transformed with the vector.
3.7.3 Proliferation
Bacteria were grown in solid medium at 37°C overnight (2.5% LB-Broth Base plus 15 g/l
and 100 µg/ml Ampicillin). Some clones were picked up and incubated in 2.5% LB-Broth
Base solution at 37°C overnight.
3.7.4 Purification of plasmid DNA
Plasmid DNA was purified from bacteria grown in LB media using Quiaprep Spin Miniprep
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Kit (QIAGEN). To verify if plasmids had the correct insert, restriction enzymes (EcoRI and
PstI) were used and the mixture reaction was loaded into 1% agarose gel.
3.7.5 Sequencing of PCR fragment
Two primers were separately used to amplify the segment where the fragment was
integrated:
S1 forward primer: 5´-GCT ATG ACT CAC CCG GAC GG-3’
S2 reverse primer: 5´-CTT AAG AAT TCG TCC CAC GG-3’
For elongation, the following programs were used:
S1
1X

5 min

95°C

30X

30 sec

95°C

10 sec

54°C

4 min

60°C

1X

5 min

95°C

30X

30 sec

95°C

10 sec

48°C

4 min

60°C

S2

Cloned plasmids were sequenced using the BigDye Terminator v1.1 cycle sequencing kit
and the ABI Prism 310 Genetic Analyzer (both from Applied Biosystems, Warrington, UK).
3.8 Immunohistochemistry
3.8.1 Morphology of skeletal muscle
For cryosection, different muscles (quadriceps and gastrocnemius) of 6 weeks, 3-, 6- and
12-month-old animals were frozen in isopentane (Carl Roth GmbH), chilled in liquid nitrogen,
and stored at -80°C. Transverse cross sections of 10-µm thick were collected from the
middle of each muscle using a cryostat (Leica CM1900). Sections were subjected to H&E
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(Merck) and NADH (Merck). Slides were mounted using either Entellan (Merck) or Aquatex
(Merck). Slides were scanned using Mirax Scan (Zeiss) and pictures were taken through
Mirax Viewer software version 1.12.22.0 (Carl Zeiss MicroImaging GmbH). For morphometric
analysis, 20X pictures were acquired and for diameter estimation a perpendicular line to the
absolute biggest line was measured (Figure 8). For a good estimation, at least 100 fibers per
animal were measured. Three animals were prepared per genotype (Dubowitz and Sewry.
2007).

Figure 8: Schematic illustration of muscle fibers. The red line represents cross section diameter measured and
blue line the absolute biggest line. An ideal cross section, oblique section and a section from muscle fiber curve
are also shown (modified from Dubowitz and Sewry. 2007).

3.8.2 Immunohistochemistry and analysis of Purkinje cell number
Mice were deeply anesthetized and killed by decapitation. The brain was removed and
fixed in Bouin’s fluid for 48 h, which contains 9% formaldehyde, 5% acetic acid and saturated
picric acid. Finally they were washed two times with 70% isopropanol and embedded in
paraffin blocks. Immunohistochemistry was performed with paraffin sagital sections (10 µm)
which were deparaffinized, endogenous peroxidase activity blocked with a mixture of
methanol/hydrogen peroxide, antigen uncovered using 10 mM citrate buffer pH 6.0,
permeabilized with 0.5% Triton X-100 and blocked with 1% BSA in 1X PBS. Sections were
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further incubated with primary antibodies overnight at 4°C. The antibodies were applied with
the following dilutions in 1% BSA: anti-calbindin D-28K 1:100 (Sigma); anti-mouse-HRP
1:200 (Santa Cruz). Primary antibody staining was visualized using AEC (3-amino-9-ethyl
carbazol) as a chromagen. For counterstaining Haemalaun was used (Merck). Sections were
mounted in Entelllan (Merck). For counting of Purkinje cells, three non-adjacent sections
(separated by 250 µm) located close to the middle line were analyzed. Slides were scanned
using Mirax Scan (Zeiss) and pictures were taken through Mirax Viewer software version
1.12.22.0 (Carl Zeiss MicroImaging GmbH).
3.9 Motor behavior experiments
In all experiments, mutant mice were compared with age-matched littermate controls and
different group of mice were tested at different ages.
3.9.1 String Agility
As a test of agility and grip capacity, animals were permitted to grasp a suspended 50 cm
long and 2.5 mm string only by their forepaws and then released. The string was placed
between two platforms 30 cm high. During a single 60 s trial, each animal was assessed
using a 0-5 rating system (0 = animal unable to remain on string; 1 = hangs by two forepaws;
2 = attemps to climb onto string; 3 = two forepaws and one or both hindpaws around string; 4
= four paws and tail around string, with lateral movement; 5 = escape to platforms).
3.9.2 Rotarod experiments
The accelerating rotarod apparatus (Med Associates Inc., Vermont, USA, model ENV575M) was used to measure motor coordination. During the training period, mice were
placed in a 3 cm thick rotarod cylinder starting first at 4 rpm for 1 minute and then slowly
accelerating from 4 to 40 rpm. The maximum observation time was 5 minutes. Animals were
trained for 4 consecutive days, receiving 3 trials per day separated by 15 minutes inter-trial
intervals. The experiment is stopped manually when a mouse holds tight to the cylinder and
rotates passively with the cylinder. Finally, in this experiment the latency to fall was recorded
by using RotaRod version 1.2.0 software (MED Associates, Inc., 2002-2003).
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3.9.3 Beam walking test
In the beam-walking test, mice are trained to traverse a series of elevated, narrow beams
(100 cm) to reach an enclosed safety platform. The beams consisted of long strips of wood
(1 m) with a 28-, 12-, and 5 mm square cross section or a 28, 17 and 11 mm round diameter.
The beams were placed horizontally, 50 cm above the bench surface, with one end mounted
on a narrow support and the other end attached to an enclosed box (20 cm square) into
which the mouse could escape. Two lights (60 W) were positioned above and to one side of
the start of the beam. A mouse was placed at the start of the training beam (12 mm wide
square beam) and the latency to traverse the beam (up to 60 seconds) was measured. Mice
were trained four times per day during three consecutive days. During the fourth day, mice
performed two consecutive trials on each of the square (28, 12 and 5 mm) and round beams
(28, 17 and 11 mm). Also the latency to traverse the beam (up to 60 seconds) was
measured. Occasionally the mice may fall from the beam. This was recorded as a fail and for
inclusion in the latency analysis was considered as 60 seconds.
3.9.4 Grip strength test
It was measured both fore and hindlimbs grip strength in mice, using a grip strength meter
(Bioseb, France). Each mouse was held by its tail as it was lowered toward the horizontal
grid (8 cm x 8 cm) of the strength meter and allowed to grab the smooth metal bars. It was
then pulled gently away from the meter until it released the grip, and the meter recorded
digitally the force applied at the moment that it was released. This experiment was repeated
3 times for each mouse considering both fore- and hindlimbs, after which the strength
measurements were averaged to determine mouse’s grip strength.
3.9.5 Open field test
Mice were tested in an open-field arena (50 x 50 cm) made of gray hard plastic. This
arena is divided in a peripheral zone of 8 cm wide, a center zone (20 x 20 cm) and one in
between both of them. Locomotor activity was recorded with a video camera placed on the
ceiling above the arena and connected to an automated Tracking System Viewer 2
(Biobserve GmbH, Bonn, Germany) with a frequency of 15 Hz and 720 x 576 pixel
resolution. A total of 30 minutes of activity were recorded and analyzed. Spontaneous
locomotor activity was measured as total distance traveled or track length (in cm), velocity
(cm/sec), total activity percent and percentage of the time spent in the center of the field.
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3.9.6 Morris Water Maze experiment
In this experiment there are two aspects of mouse behavior, which were analyzed:
learning and orientation (Morris et al., 1982; Vorhees et al., 2006).
3.9.6.1 Visible platform
This experiment tests the ability of the animal to conduct the procedures of the task, also
considering visual and motor ability. A platform was inserted 0.5 cm above the water level
into one quadrant (center) of the pool (45 cm deep) and the water temperature was kept at
27 ± 1 °C. For priming, a mouse was placed for 15 seconds on a visible platform. Then it was
placed into water with its head pointing towards the side of the pool and the starting position
was the same each day of testing, opposite to platform position. Then, the time it takes a
mouse to find the platform was recorded using a video camera during 90 seconds and it was
given 4 trials per day during 2 consecutive days. If a mouse was not able to find the platform
within 90 seconds, it was allowed to remain on the platform for 15 seconds.
3.9.6.2 Probe trial
This experiment was done without platform. The mouse is placed into water with its head
pointing towards the side of the pool and the activity was recorded during 60 seconds.
3.9.6.3 Submerged platform
This procedure tests spatial learning considering short-term effects. A platform was
inserted into one quadrant (center) of the pool 0.5 cm below the water level. The mouse was
placed into water with its head pointing towards the side of the pool and the starting positions
were at a different and randomize location each day of testing, north, south, etc., with the
exception of the quadrant where the platform was located. The activity was recorded during
no more than 120 seconds and it was given 4 trials per day during 4 consecutive days. If a
mouse was not able to find the platform within 120 seconds, it was allowed to remain on the
platform for 15 seconds.
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3.9.7 Statistical analysis
The analysis was conducted by a linear mixed regression model with fixed and random
effects of the form:
Y = Xβ + Zb + ε,
where Y is the vector of analysis variables, β is the vector of the fixed effects of the model, b
is the vector of the random effects of the model and ε is the vector of random errors.
Dependent on the considered experiment, the fixed effects were given through the factors
“genotype”, “age” and “day”. The random effect which comes into the model due to the
different mice which were investigated has to be taken onto account for the analysis and is
declared by the random vector b.
By the mixed model approach, analysis concerning ANOVA and post-hoc tests were
performed. The fact that the experiments mostly were based on repeated measurements on
each mouse was also considered within the model. The same measurements as with
ANOVA and post-hoc analysis were obtained in form of effect estimators with their
corresponding p-values, contrasts between the manifestations of the main factors and values
of the F statistics for the global tests.
For the agility experiments, a score value in the range form 0 to 5 described the outcome
variable Y, so a regression model as started above was not applicable because of the
discrete nature of Y. Since the total number of mice in the agility experiment had only been
n=77, it was not possible to run an ordinal logistic regression model, so the outcome variable
Y was recoded as a binary variable [0, 1, 2, and 3 were considered as “bad behavior” (0),
whereas 4 and 5 stated as “good behavior”(1)].
Mean values are stated as ± standard deviation of the mean. Analysis of the data was
performed using the softwares Microsoft Excel and SAS version 9.2. Significant p-values
were denoted by the use of asterisks in the figures (*p < 0.05; ** p < 0.01; *** p < 0.001).
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4. Results
4.1 Generation and characterization of KD-2 mouse line
In the process of analyzing transgenic mice bearing a conditional IKK2 allele (Herrmann et
al., 2005) was identified a specific founder line, which develops an obvious phenotype in the
homozygous state. It was first determined, whether this abnormality is already present in
young animals or rather only develops with age. Interestingly, there are some slight
abnormalities in young animals. The conditional IKK2 allele, which was integrated into the
genomic DNA, consists of a simian virus 40 (SV40) enhancer, luciferase reporter gene, a
bidirectional promotor, a β-globin sequence and a mutated sequence of IKK2 in the catalytic
domain (Figure 9). Since there was no effect of the integrated transgene (Figures 57-58-59)
we supposed that the atactic phenotype arises independently of the function of the IKK2
allele and rather develops due to the integration of the transgene cassette in a specific gene
locus. To assess this issue, genomic DNA fragments were obtained from double transgene
animals by partial digestion with HindIII. Then these fragments were inserted into a pIndigo
BAC vector in order to create a BAC library, which was further screened by PCR using
transgene specific primers. From this library, three positive clones containing transgenic
sequence named C4 (180 kb), B9 (85 kb) and E6 (155 kb) were identified and endsequenced using forward (T7) and reverse (M13R) primers. Using bioinformatic tools, it was
found that sequences obtained using T7 primer have no homology among each other, but
high homology was found on three different points of the genomic DNA located in
chromosome 13 where HCN1 gene is found (Figure 10B). By contrast, sequences obtained
using M13R primer have high homology among each other and therefore one single blast hit
was found of the genomic DNA of chromosome 11, between mCG 1030839 and sprouty
genes (Figure 10A). It is also important to note that a small part of the whole sequence
obtained from C4 clone using M13R primer has high homology with human IKK2.
4.2 Determination of integration locus (transgene)
4.2.1 Screening by PCR
First it was necessary to verify whether BAC clones contain transgenic DNA sequences.
For that purpose, a PCR using specific primers was performed (Figure 11). Two different
sets of primers pairs located on vsv-ikk2-kd sequence were used. All clones (C4, B9 and E6)
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Figure 9: Mini-gene used for injection into the genomic mouse DNA. It is 6612 bp long and contains two restriction
sites on both 5’ and 3’ ends (AatII and AseI). A simian virus 40 enhancer (SV40), luciferase reporter gene, a
bidirectional promotor, a β-globin sequence and a mutated sequence of IKK2 in the catalytic domain form part of
this construct.

Figure 10: Scheme showing areas of genomic mouse DNA screened by PCR including relative position of blast
hits. A: Fragment of chromosome 11. The following genes indicated in green boxes were studied: α3-GABAAR,
mCG1030839, sprouty, ALP2 and mCG1030881. Blast hit B9R indicated in a yellow box. B: Fragment of
chromosome 13. The following studied genes also indicated in green boxes are: mCG119138, Ig, HCN1, Mrps30,
mCG1033012, FGF-10, mCG1988, mCG1990. Blast hits C4T7, B9T7 and E6T7 are indicated in yellow boxes.
Size is indicated in base pairs (bp) and arrows show reversed sequences.
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Figure 11: Specific transgene bands found in DNA probes from both mouse-tails and BAC clones as detected by
PCR. Two different primer pair sets were used for this reaction. Note that all transgenic DNA probes and BAC
clones contain transgenic DNA fragments (740 and 444 bp). W: water control; Tg+: mouse transgene positive
DNA; Tg-: mouse transgene negative DNA; C4, B9 and E6: BAC clones.

were positive for this reaction giving PCR products of 740 bp and 444 bp. This result
indicates that all BAC clones contain part of the transgene.
Analysis of sequences obtained from BAC clones by bioinformatics tools showed high
homology to genomic DNA present in chromosome 11 and 13. Therefore, genomic DNA
nearby the blast hit was screened by PCR first using primer pairs located on chromosome 11
every 10 kb downstream B9 blast hit and thus verify whether DNA from homozygous mice
might be affected. Considering that there is no alteration on the DNA sequence analyzed
(Figure 12A), we continued studying genes around the B9 hit on chromosome 11 (Figure
12C). PCR analysis shows that these genes in homozygous DNA were not affected due to
transgene integration (Figure 12B). In conclusion, no signs of DNA loss were found in
chromosome 11. Therefore, genes located on chromosome 13 were also screened by PCR.
For this purpose, primer pairs located closed to blast hits (C4T7, B9T7 and E6T7) were
designed (Figure 13A). PCR analysis indicates that genomic DNA was not altered in
homozygous DNA, except in one region located 20 kb downstream B9 hit (Figure 13B).
Genes nearby the blast hits were also analyzed (Figure 14A). According to PCR results,
none of these genes were affected by transgene integration (Figure 14B).

36

Results

Figure 12: Screening of sequences and genes located in chromosome 11. A: Sequences analyzed by PCR every
10 kb downstream blast hit B9R (yellow box). B: Screening of genes located upstream and downstream blast hit
B9R by PCR. C: Fragment of chromosome 11 showing genes studied by PCR. Size is indicated in base pairs
(bp). W: water control; Wt: wild type DNA; He: heterozygous DNA; Ho: homozygous DNA; C4, B9 and E6 are
BAC clones.
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Figure 13: Screening of sequences located in chromosome 13. A: Scheme showing HCN1 gene (green) and DNA
fragments generated by PCR (red). Blast hits are indicated in yellow boxes. B: PCR screening of DNA fragments
located in HCN1 gene. No PCR product was found 20 kb downstream B9T7 blast hit in homozygous DNA
samples (indicated with an arrow). W: water control; Wt wild type; He: heterozygous; Ho: homozygous; C4, B9
and E6: BAC clones.
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Figure 14: Screening of genes located close to HCN1. A: Scheme showing genes analyzed by PCR. Two genes
located upstream (mCG119138 and Ig) and five genes located downstream HCN1 were screened (Mrps30,
mCG1033012, FGF-10, mCG1988 and mCG1990). Size is indicated in base pairs (bp). B: PCR analysis of
screened genes showing that they were not affected in homozygous mice.
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Figure 15: Screening of HCN1 exons by PCR. HCN1 contains in total 8 exons. Note that exon 3 is absent in
homozygous mice and BAC clones containing fragments of genomic DNA corresponding to exons 2, 4, 5 and 6.

According to these results, it was found that a part of HCN1 sequence might be affected,
but it was also necessary to know which exon(s) is(are) missing. Therefore, all HCN1 exons
were screened by PCR and we have found out that only exon 3 is not present, which is
responsible for the expression of the transmembrane domain 5 (Figure 15). Some of the
BAC clones also contain a fragment of HCN1 sequences, including exons 2, 4, 5 and 6.
Since the generation of the mutant HCN1 allele with deletion of exon 3 was a random event
during IKK2-DN transgene generation, we could not exclude the possibility that additional
transgene integration events have taken place, which may account for the observed
phenotype. To test this issue we performed FISH analysis to determine additional integration
sites. However, we detected transgene integration only on chromosome 13, where the HCN1
locus is located (Figure 16).
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Figure 16: FISH analysis of metaphasic mouse chromosomes. A: Metaphasic chromosomes prepared from
homozygous mouse skin fibroblasts. B: Metaphasic chromosomes prepared from mouse embryonic fibroblasts
(MEF) used as control. All chromosomes were stained with DAPI (blue). Chromosome 11 is shown in green
(FITC) and chromosome 13 in red (Texas Red). FISH reveals no translocation of genetic material. WCP: whole
chromosome paint.
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4.2.2 Screening of HCN1 exons by PCR and protein expression
To address the consequences of transgene insertion we performed RT-PCR to analyze
HCN1 mRNA expression in wild type, heterozygous HCN1+/-ex3 and homozygous HCN1-ex3/-ex3
animals. Using exon-specific primers we found that only mRNA species encoding exon 1 and
2 are expressed in HCN1-ex3/-ex3 mice. In heterozygous and wild type animals, mRNA
encoding all exon combinations could be detected. However, the combination of primers
located in the exons 2 and 4 revealed two RT-PCR fragments in heterozygous and
homozygous animals reflecting mRNA species deficit for exon 3 sequences (Figure 17A).
Q-RT-PCR indicates that a HCN1 mRNA containing exon 1 and 2 is only slightly lower
expressed in homozygous animals (Figure 17B), compared to wild type and heterozygous
mice. This could indicate the expression of a C-terminal truncated HCN1 protein or a mutant
protein lacking amino acids encoded by exon 3. However, Western/immunoblot analysis
using two different HCN1 specific antibodies (N-terminus/C-terminus specific) revealed that
homozygous HCN1-ex3/-ex3 mice do not express any HCN1 protein. Heterozygous HCN1+/-ex3
animals express the HCN1 protein at slightly lower levels than wild type mice. This
expression pattern is independent of the background strain (Figure 17C).
4.2.3 Screening of introns 2 - 3 of HCN1 by PCR
Considering that exon 3 of HCN1 is not present in homozygous mice, several primer pairs
were designed taking as template both intron 2 and 3 DNA sequences every 10 kb upstream
and downstream exon 3 in order to identify the integration locus of the transgene (primers
are located on the 1 kb segment, Figure 18A). Finally, it was found that in two DNA
fragments located 20 and 10 kb upstream exon 3, indicated as “-2” and “-1” respectively, no
PCR product was found in DNA probes from homozygous mice. The same result was found
in a fragment located 10 kb downstream exon 3 indicated as “+1” (Figure 18B), meaning that
about 30 kb of genomic DNA was lost due to transgene integration.
Therefore, further analyses were focused on sequences “-2” and “+1”. For this purpose, a
set of primer pairs every 1 kb were designed and the corresponding PCRs were performed
(Figure 19A). Screening made in sequence “-2” showed that 2 kb of genomic DNA was lost
in homozygous mice due to transgene integration. Considering analysis of sequence “+1”, it
was found that 4 kb of genomic DNA were lost (Figure 19 B). These results indicate that in
homozygous mice there is a loss of about 16 kb of genomic DNA.
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Figure 17: Molecular characterization of transgenic mouse line HCN1

. A: RT-PCR analysis of HCN1

expression in the cerebellum. cDNA was analyzed with primers located on exons 1-2, 3-5, 4-6, 2-4 and 7-8. Note
that the amplified PCR product specific for exons 1-2 is present in wild type, hetero- and homozygous mice. In
homo- and heterozygous mice a smaller fragment lacking exon 3 (238 bp) is amplified by primers located on
exons 2-4. The wild type product (400 bp) is absent in homozygous mice. B: Quantification of mRNA species
containing exons 1-2 by real time RT-PCR indicates almost similar expression in hetero- and homozygous mice.
Slightly lower expression is evident in homozygous mice. C: HCN1 expression was determined by Western blot
analysis with protein extracts from adult cerebellum (top). ERK2 expression serves as loading control (bottom).
No detectable expression of HCN1 was found in homozygous samples of both C57BL/6 (B6) and NMRI (N)
mouse strains. A reduced expression of HCN1 is observed in heterozygous mice. W: water control; wt: wild type;
he: heterozygous; ho: homozygous.
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Figure 18: Screening of HCN1 introns by PCR. A: Scheme showing intron 2, exon 3 and intron 3 located in HCN1
gene. Primer pairs were designed in a 10 kb DNA fragment considering a 1 kb region (dark green). B: Analysis of
DNA sequences by PCR showed in A. Note that in homozygous mice there is a loss of genomic DNA in three
DNA fragments of 10 kb each located upstream (“-2” and “-1”) and downstream exon 3 (“+1”).
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Figure 19: Screening of sequences “-2” and “+1” located in intron 2 and intron 3, respectively. A: Scheme showing
analysis in detail of sequences located in “-2” and “+1” DNA fragments. These blocks were divided into 1 kb
sequences and primers were further designed on those areas. Blocks labeled in blue indicate a positive PCR
product and white blocks indicate no PCR product in mouse homozygous DNA. No PCR products in homozygous
mice were found in DNA blocks named 8-9 kb seq-2, 0-1 kb seq+1, 1-2 kb seq+1 and 2-3 kb seq+1 (labeled in
red), implying that 8-9 kb seq-2 and 2-3 kb seq+1 sequences will be used to find the integration locus of the
transgene.
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4.2.4 Cloning of PCR fragments located at the integration sites
Primers located in both β-globin sequence of the transgene (ataxia-1 glob) and the
proximal region of intron 3 (2-3-3-4 located on a fragment of sequence “+1”. Figure 20A)
were designed to amplify a fragment (Figure 20B), which was further cloned in order to
obtain its sequence and determine the exact position of the integration locus on the 3’ site.
With the use of a primer located on the transgene (ataxie-1 glob) it was obtained a sequence
of 252 bp which corresponds to β-globin fragment, although a small fragment of 17 bp was
lost (AACTCGACTGCATTAAT; Figure 21A). A primer located in intron 3 (2-3-3-4) for the
sequencing reaction shows a fragment, which corresponds to intron 3 (Figure 21B). In
addition, a group of primers located nearby the cloned product were used for PCR and the
bands obtained gave the expected sizes (Figure 20C).

Figure 20: Cloning of PCR fragment containing DNA from both transgene and HCN1 (intron 3). A: Schematic
illustration indicating localization of cloned PCR product on the 3’ region of the integration locus (630 bp) and
expected PCR products using different primer pair combinations (999 bp, 838 bp and 791 bp). B: Re-amplification
of PCR product for cloning. C: PCR products containing both genomic (green) and transgenic sequences (blue).
W: water control; Ho: DNA probes from homozygous mice.

46

Results

Figure 21: Comparison of cloned fragment sequences with transgene and HCN1 (intron 3). It is compared
sequences obtained from cloned fragments in both 5’ and 3’ prime sites (black) and expected sequences
(transgenic sequence labeled in red and intron 3 of HCN1 in blue). In bolded characters are shown primers used
for cloning and underlined sequences show high homology to expected sequences.

4.2.4.2 Cloning of 5’ PCR fragment intron 2/transgene
Primers located in both the proximal region of intron 2 (7-8-8-9 located on a fragment of
sequence “-2”. Figure 22A) and luciferase sequences of the transgene were used to amplify
a fragment (Figure 22B), which was also further cloned and followed the same procedure as
described above (Figure 22C). With the use of a primer located on intron 2 (up 8-9 kb seq-2)
it was obtained a sequence of 360 bp. Out of them, 78 bp correspond to intron 2 (Figure
23A). Using a primer located on the transgene (luci lower) we obtained the expected
sequence (Figure 23B).
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Figure 22: Cloning of PCR fragment containing DNA from both HCN1 (intron 2) and transgene. A: Schematic
illustration indicating localization of cloned PCR product on the 5’ region site of the integration locus (734 bp) and
expected PCR products using different primer pair combinations (931 bp, 1103 bp and 375 bp). B: Reamplification of PCR product for cloning. C: PCR products containing both genomic (green) and transgenic
sequences (blue). W: water control; Ho: DNA probes from homozygous mice.
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Figure 23: Comparison of cloned fragment sequences with HCN1 (intron 2) and transgene. It is compared
sequences obtained from cloned fragments in both 5’ and 3’ prime sites (black) and expected sequences
(transgenic sequence in green and intron 2 of HCN1 in blue). In bolded characters are shown primers used for
cloning and underlined sequences show high homology with expected sequences.

4.2.5 Conclusion of integration locus
The insertion of the transgene construct caused a complete deletion of exon 3 (162 bp)
and a partial loss of intron 2 (10523 bp) and 3 (4285 bp) of HCN1. Therefore, 14970 bp were
lost due to transgene integration (Figure 24A). From these experiments it was chosen primer
pairs suitable for proper genotyping located on intron 2 (HCN1, 520 bp) and internal controls
(TG, 444 bp) located on the trasngene (Figure 24B).
It was also tested if BAC clones, which were first used to analyze through bioinformatics
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tools, were also positive for primers located on the integration locus of both 5’ and 3’ sites.
PCR results indicate that all BAC clones (except clone E6) contain a part of both HCN1 and
transgene (Figure 25).

-ex3/-ex3

Figure 24: Molecular characterization of HCN1

mice. A: Schematic representation of HCN1 wild type allele

(bottom) and the mutant locus (top) is depicted. The insertion of the transgene construct indicated in a gray box
causes a complete deletion of exon 3 and a partial loss of both intron 2 and 3 of HCN1. In black rectangles exons
and in straight lines introns are shown. Relative position of primers and PCR products are indicated (HCN1 and
transgene primers). B: PCR products resulting from the amplification of genomic DNA with primers covering the
wild type intron 2 locus (HCN1, 524 bp) and the transgenic locus are shown (TG, 444 bp). The HCN1 specific
fragment is present in wild type (wt) and heterozygous (he) mice. The transgene specific product is observed in
both homozygous (ho) and heterozygous mice.
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Figure 25: Some BAC clones are positive for genomic and transgenic primers. PCR products containing both
genomic and transgenic DNA fragments. Note that all BAC clones contain both 5’ and 3’ hybrid DNA fragments
(734 and 838 bp, respectively), except clone E6.

4.3 Cloning of HCN1Δ3
Knowing that a smaller fragment was found through RT-PCR in DNA prepared from
homozygous mice, a plasmid containing the whole HCN1 transcript lacking exon 3 was
prepared. First of all, full length HCN1 wild type transcript was inserted into pSL1180 vector
and pSLHCN1 was created. This plasmid was treated with Bcl I and Bgl II, thus releasing the
fragment containing exons 2, 3 and 4. In parallel, a fragment containing exons 2 and 4 found
by RT-PCR treated previously with Bcl I and Bgl II was ligated to pSLHCN1 also treated with
these restriction enzymes. Then HCN1Δ3 transcript was released by Hind III and EcoR I and
ligated to pmcDNA3.
First it was tested if the mutant HCN protein was expressed using an in vitro translation
system. In figure 26A is shown through Western blot the expression of both wild type (102.4
kD) and mutant proteins (96.1 kD). Then both pmHCN1 and pmHCN1Δ3 plasmids were
transfected into HEK 293 cells using calcium phosphate method. Positive clones were
selected using G418 antibiotic. Protein extracts of HEK 293 cells show that both proteins
were translated using transient and stable transfected cells (Figure 26B-C).
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Figure 26: HCN1 expression in vitro. A: HCN1 expression of both wild type allele and mutant lacking exon 3 using
in vitro translation system. Plasmids prepared from two clones (7 and 9) were selected. B: HCN1 expression of
both wild type allele and mutant lacking exon 3 in HEK293 cells after transient transfection using calcium
phosphate method. C: HCN1 expression of both wild type allele and mutant lacking exon 3 in HEK293 cells after
stable transfection. Wild type band is 102.4 kD and mutant 96.1 kD. ERK2 expression serves as loading control.
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4.4 Expression of other HCN isoforms
It was also analyzed through RT-PCR whether there was some alteration in the level of
expression of other HCN isoforms. For these purpose, primers located on different exons of
HCN2, HCN3 and HCN4 were designed. Finally, these experiments prove that these
isoforms are not affected; confirming also that the transgene was only integrated in
chromosome 13 (Figure 27).

Figure 27: Expression levels of other HCN isoforms. RT-PCR analysis demonstrates no obvious changes in the
expression levels of other HCN isoforms (HCN2, HCN3 and HCN4) in cDNA prepared from cerebellum of
homozygous mice. Primers were designed in different exons, but it is evident that no alterations can be found, for
example in exons 2-3 of HCN2, exons 6-8 of HCN3 and exons 2-4 of HCN4 (labeled in red). PBGD was used as
a house-keeping gene.
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4.5 Evaluation of ataxia phenotype
4.5.1 Exploratory activity
It was first evaluated the exploratory activity of homozygous HCN1 mice. For this purpose
it was recorded the spontaneous activity of every mice for 30 min in an open-field arena (50 x
50 cm). Analysis of velocity, percentage of activity, track length and time spent on the center
of the field shows no difference among wild type, hetero- and homozygous mice (5 cm/sec,
15%, 10000 cm and 15%, respectively), meaning that basic motor activities are not affected
in mutant animals (Figure 28).

-ex3/-ex3

Figure 28: Exploratory activity observed in homozygous HCN1

mice is normal. The spontaneous activity of

wild type, hetero- and homozygous mice was recorded during 30 min in an open field arena. No differences were
found in analysis of velocity, percentage of activity, track length and time spent on the center of the field. Wild
type: black bars; heterozygous: gray bars; homozygous: white bars.
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4.5.2 Rotarod experiments
To assess the rotarod performance of HCN1-ex3/-ex3 animals we used a protocol where
mice were trained during four consecutive days to balance on an accelerating rod three times
per day and the latency time on the rotating rod was recorded (Figure 29A-B). The
performance as measured by the time remaining on the rotarod increased for both wild type
and heterozygous mice with the training sessions [day effect 1-4: p<0.0001,
F(3,228)=190.48]. Interestingly, when this experiment was performed with both wild type and
heterozygous mice of different ages, the youngest (6 weeks old. Figure 30A) showed a better
performance [age effect 6 weeks-12 months: p<0.0001, F(3,71)=10.50] than older mice (1
year old. Figure 30D). Importantly however, HCN1 mutant homozygous mice at all ages
failed to significantly improve performance on the rotarod (Figure 30E), confirming the
previous finding of deficiency in motor learning (Nolan et al., 2003). In addition, the decline in
performance associated with age was more pronounced in the homozygous mice when
compared to both wild type and heterozygous mice [genotype effect: p<0.0001,
F(2,71)=157.90]. Our data indicate that both wild type and heterozygous animals have
comparable rotarod performance over time (p=0.9386) whereas homozygous animals show
already at the age of 6 weeks a prominent deficit in the rotarod task which progresses with
time.
4.5.3 Beam test
Motor coordination and balance are also evaluated by the ability of rodents to traverse a
graded series of narrow beams to reach an enclosed safety platform and where a bright light
illuminates the start of the beam (Figure 31A). After reaching a performance of less than 20 s
during the training session using a 12 mm square beam (Figure 36A), mice were evaluated
in their performance of this task on different square (28, 12 and 5 mm) and round beams (28,
17 and 11 mm). At all ages, the performance of HCN-ex3/-ex3 mice on 28 and 12 mm square
and 28 and 17 mm round beams was similar compared to both wild type and heterozygous
mice (Figures 32, 33, 34, 35). Furthermore, wild type and heterozygous mice showed a
similar performance at all ages on both the 5 mm square (p=0.598) and the 11 mm round
beam (p=0.6969. Figure 36B-C). When 6 weeks old animals were compared to 1 year old
mice it became evident that with age the time for traversing in particular the smallest square
beam increased for both wild type and heterozygous mice (age effect 6 weeks-12 months:
p=0.0055) by about 1.2 and 1.5 times, respectively (Figure 36B). In contrast (at every age),
homozygous mice need significantly more time to cross the 5 mm square beam than both
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wild type and heterozygous animals [genotype effect: p<0.0001, F(2,71)=84.33].
Furthermore, some of the homozygous mice were unable to cross and even fell down further
indicating a lack of motor coordination and balance (Figure 37). In the case of the round
beam test, we found a progressive deficit in performance (Figure 36C). At all ages HCN1-ex3/ex3

mice were able to cross the 11 mm round beam with a significant delay to control mice

[genotype effect: p<0.0001, F(2,71)=22.04]. However, the average time needed for crossing
the beam increases from 5.8 ± 0.4 s at the age of 6 weeks to around 29.7 ± 19.0 s at the age
of 1 year (age effect 6 weeks to 12 months: p=0.0294).
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Figure 29: Scheme showing rotarod paradigm. A: Table showing protocol of rotarod experiments. Only three
mice per trial are used and performed this experiment three times per day including an intertrial interval (ITI) of 15
min. The total duration of the experiment in one day is 45 min. This task is completed in four days. B: Schematic
illustration of a standard rotarod apparatus for testing motor coordination (taken from Current Protocols in
Neuroscience, 2001).
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Figure 30: Rotarod performance of HCN1

-ex3/-ex3

animals is impaired and declines with age. A: Six-weeks old; B: 3

months old; C: 6 months old; D: 1 year old animals were tested for three trials per day during four consecutive
days on an accelerating rotarod. Homozygous (ho) HCN1

-ex3/-ex3

mice showed impaired motor learning as

compared with both age-matched wild-type (wt) and heterozygous (he) animals at all ages [effect of genotype:
p<0.0001, F(2,71)=157.90]. E: Comparison of rotarod activity during the fourth day performed by six-weeks old
(wt, he, ho; n=5, 5, 3), 3 months old (wt, he, ho; n=10, 7, 9), 6 months old (wt, he, ho; n=3, 7, 6) and 1 year old
mice (wt, he, ho; n=4, 9, 9). Note that homozygous mice show a progressive impairment in motor learning [164.8
± 9.3 s to 57.9 ± 43.3 s. Effect of age: 6 weeks to 12 months, p<0.0001, F(3,71)=10.50]. Meanwhile wild type and
heterozygous mice show similar performance (p=0.9386). Wt: black diamonds and black bars; he: gray squares
and gray bars; Ho: white triangles and with white bars.
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Figure 31: Scheme showing beam test paradigm. A: Schematic illustration of beam test set up to evaluate motor
and balance performance. B: Table showing protocol required for training phase. It is used a 12 mm beam square
and the experiment is performed four trials per day during three consecutive days. C: Table showing protocol
required for testing phase. During one day two trials are performed using different size beams (square and round
beams).
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Figure 32: Motor and balance performance of 6 weeks old animals. The time to cross each beam was measured
in seconds. A: Performance on a 28 mm square beam. B: Performance on a 28 mm round beam. C: Performance
on a 12 mm square beam. D: Performance on a 17 mm round beam. Black bars show performance of wild type
mice (wt); gray bars show performance of heterozygous mice (he) and white bars show performance of
homozygous mice (ho). Note that homozygous mice have a similar performance compared to both wild type and
heterozygous. (wt, he, ho; n=5, 5, 3).
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Figure 33: Motor and balance performance of 3 months old animals. The time to cross each beam was measured
in seconds. A: Performance on a 28 mm square beam. B: Performance on a 28 mm round beam. C: Performance
on a 12 mm square beam. D: Performance on a 17 mm round beam. Black bars show performance of wild type
mice (wt); gray bars show performance of heterozygous mice (he) and white bars show performance of
homozygous mice (ho). Note that homozygous mice have a similar performance compared to both wild type and
heterozygous. (wt, he, ho; n=10, 7, 9).
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Figure 34: Motor and balance performance of 6 months old animals. The time to cross each beam was measured
in seconds. A. Performance on a 28 mm square beam. B. Performance on a 28 mm round beam. C. Performance
on a 12 mm square beam. D. Performance on a 17 mm round beam. Black bars show performance of wild type
mice (wt); gray bars show performance of heterozygous mice (he) and white bars show performance of
homozygous mice (ho). Note that homozygous mice have a similar performance compared to both wild type and
heterozygous. (wt, he, ho; n=3, 7, 6).
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Figure 35: Motor and balance performance of 1-year old animals. The time to cross each beam was measured in
seconds. A. Performance on a 28 mm square beam. B. Performance on a 28 mm round beam. C. Performance
on a 12 mm square beam. D. Performance on a 17 mm round beam. Black bars show performance of wild type
mice (wt); gray bars show performance of heterozygous mice (he) and white bars show performance of
homozygous mice (ho). Note that homozygous mice have a similar performance compared to both wild type and
heterozygous. (wt, he, ho; n=4, 4, 9).
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Figure 36: HCN1

-ex3/-ex3

animals show prominent deicits in the beam-walking task. A: Performance of 1 year old

mice on a 12 mm square beam. Wild type (wt), mutant heterozygous (he) and homozygous (ho) HCN1 mice were
trained for four trials per day during 3 consecutive days until their performance was less than 20 s (wt, he, ho;
n=4, 9, 9). B: From left to right performances of 6-weeks old (wt, he, ho; n=5, 5, 3), 3 months old (wt, he, ho;
n=10, 7, 9), 6 months old (wt, he, ho; n=3, 7, 6) and 1 year old mice (wt, he, ho; n=4, 9, 9) on a 5 mm square
beam are shown. Note that homozygous mice have already a significant impairment compared to both wild type
and heterozygous mice at 6 weeks of age [wt: 8.9 ± 2.9 s; he: 9.8 ± 3.1 s; ho: 47.3 ± 15.5. Effect of genotype:
p<0.0001, F(2,71)=84.33]. C: Performances of the same animals group on an 11 mm round beam is depicted
from left to right. Note that a progressive deficit in performance is observed with homozygous mice starting from
5.8 ± 0.4 s at 6 weeks old to 29.7 ± 19.0 s at 1 year old [effect of age: p=0.0205, F(3,71)=3.47]. Mice were trained
for two trials on both square and round beams prior to evaluating performance. Wt: black diamonds and black
bars; he: gray squares and gray bars; ho: white triangles and white bars.
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Figure 37: Percentage of homozygous mice unable to traverse the 5 mm square beam. The percentage of
homozygous animals, which fell down while crossing the beam was calculated. Note that older mice fell down
more often than younger mice.

4.5.4 Agility test
As a final task for motor coordination we employed the string suspension test. In this task
mice were suspended on a string and the ability to move across the string was measured
according to a scoring system (Figure 38). When six weeks old animals were tested, the
performance of homozygous mice showed no significant difference in comparison to wild
type and heterozygous mice, only a tendency of slightly lower scores was observed.
However, 3 months, 6 months and 1 year old homozygous animals performed this task with
significant lower scores than both wild type and heterozygous animals (effect of genotype:
p=0.0015). The performance at this task decreased with age, which indicates again a
progressive phenotype upon aging (effect of age: p=0.0045. Figure 39).
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4.5.5 Muscle strength test
The bad performance in the string suspension test could be caused by a loss of muscle
strength. Therefore, we measured muscle strength in both fore- and hind limbs using a grip
strength meter. At 6 weeks and 3 months old animals we observed no significant differences
(Figure 40A-B). However, older homozygous animals develop a decrease in muscle strength
compared to both wild type (p=0.0004) and heterozygous mice [genotype effect: p<0.0001,
F(2,34)=17.41. Figure 40C-D]. It appears that this difference is due to a lack of muscle
strength gain upon aging, which is detected in wild type and heterozygous animals from 6
weeks to 6 months.

Figure 38: Schematic illustration showing string agility test set up. Animals are permitted to grasp a suspended
string only by their forepaws on the center of the string and then released. A 0-5 rating system is also indicated to
evaluate this performance.
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Figure 39: Effects of HCN1 deficiency on string agility performance. Agility performance was measured by
forepaw string suspension of: A: 6 weeks old mice; B: 3 months old mice; C: 6 months old mice; D: 1 year old
mice. Note that agility performance of HCN1

-ex3/-ex3

mice (ho) decreases over time indicating a progressive

phenotype (effect of age: p=0.0045) and scores were significantly decreased compared to both wild-type (wt) and
heterozygous mice (he), which scored between 4 and 5 (3 months: 1.6 ± 1.2. p<0.001; 6 months: 1.3 ± 0.7.
p<0.001; 12 months: 0.8 ± 0.7. p<0.001). Wt: black bars; he: gray bars; ho: white bars.
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Figure 40: Effects of HCN1 deficiency on grip strength. Muscle strength was analyzed in: A: 6 weeks old; B: 3
months old, C: 6 months old; D: 1 year old mice in both fore- and hindlimbs using a grip strength meter. Six
months (115.1 ± 20.1 g. p<0.001) and 1 year old homozygous animals (122.6 ± 20.1 g. p<0.001) show significant
differences in muscle strength compared to both wild type (168.6 ± 28.6 g; 161.0 ± 6.2 g. Six-months and 1 year
old, respectively) and heterozygous mice (167.3 ± 18.7 g; 171.5 ± 25.0 g. Six-months and 1 year old,
respectively). Wt: black bars; he: gray bars; ho: white bars [effect of genotype: p<0.0001. F(2,34)=34].
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4.5.6 Water maze experiment
It was also analyzed motor coordination activities using three different paradigms of water
maze experiments: the visible platform task enables testing for behavioral impairments
unrelated to spatial memory. That means it tests the ability of the animal to conduct the
procedures of the task, also considering visual and motor stability. Finally the submerged
platform and probe trial detect deficit in spatial localization and memory. A scheme is
depicted in Figure 41.
Results obtained from visible platform experiments measuring the track length show no
differences among wild type, hetero- and homozygous mice after two trials. All group of
animals tend to decrease the distance to find the visible platform, although for homozygous
mice seem to be more difficult (Figure 42A). Some video recordings are shown in figure
(Figure 42C). Probe trial experiments show that homozygous animals tend to forget the place
where the platform was, but it was not statistically significant (Figure 42B).

Figure 41: Schematic illustration showing water maze set up. Schematic illustration of water maze experiment. A
platform is inserted 0.5 cm above or below the water level into one quadrant (center) of the pool (45 cm deep),
depending on the protocol used (visible or submerged platform. Taken from Current Protocols in Neuroscience.
2001).
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Figure 42: Effects of HCN1 deficiency in water maze performance (visible platform). A: Water maze performance
of wild type, hetero- and homozygous mice in visible platform paradigm. Wt: black diamonds; he: gray squares;
ho: white triangles. B: Probe trial performance using visible platform paradigm. Wt: black bars; he: gray bars; ho:
white bars (wt, he, ho; n=4, 9, 9). C: Examples of paths followed to the visible platform by wild type and HCN
ex3

-ex3/-

mice on trials 1 (top) and 8 (bottom). Note that homozygous mice tend to swim a longer distance to find the

platform than wild type animals. Wt: wild type; he: heterozygous; ho: homozygous.
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Results obtained from submerged platform that tests spatial localization and memory
during four consecutive days, show that all mice showed an important improvement on this
task [day effect 1-4: p<0.0001, F(3,45)=26.2]. It can be also added that in this experiment the
performance of both wild type and heterozygous mice was similar (p=0.4). Homozygous
animals needed to swim a longer distance to find the platform compared to both wild type
(p=0.0093) and heterozygous mice (p=0.0016. Figure 43A). In contrast, after the probe trial
homozygous animals still remember where the platform was (Figure 43B).

Figure 43: Effects of HCN1 deficiency in water maze performance (hidden platform). A: Water maze performance
of wild type (wt), heterozygous (he) and homozygous mice (ho) observed in hidden platform paradigm. Note that
homozygous mice needed to swim a longer distance to find the platform compared to both wild type (p=0.0093)
and heterozygous mice (p=0.0016). Effect of genotype: p=0.0038, F(2,13)=8.81. Wt: black diamonds; he: gray
squares; ho: white triangles. B: Probe trial performance using hidden platform paradigm. Wt: black bars; he: gray
bars; ho: white bars (wt, he, ho; n=4, 9, 9). Note that no significant difference was found among mice groups. Wt:
wild type; he: heterozygous; ho: homozygous.
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4.6 Histological observations in both skeletal muscle tissue and cerebellum
4.6.1 Evaluation of muscle phenotype
4.6.1.1 Atrophic fibers
Alterations of motoric movement could be also caused by muscle atrophy or degeneration
of motoneurons. In order to analyze this issue, histological sections of skeletal muscle tissue
from mice were prepared. Serial muscle cryosections (10 µm) were stained using H&E. It can
be observed that wild type and heterozygous mice present no alterations in muscle fiber size
and myonuclei are normally located on the periphery. In contrast, homozygous animals
present atrophic fibers and internalized myonuclei. This finding is especially notorious at 12
months old of age (Figure 44). A quantitative analysis of this result was also made.
Morphometric analysis was performed in order to quantify the size of normal and atrophic
fibers in both wild type and homozygous mice. If we consider the average size of muscle
fibers, a significant difference was found (wt=55.3 ± 4.6 µm; ho=42.7 ± 3.4 µm). Same
results were found when the sizes of the biggest (wt=90.6 ± 0.9 µm; ho=66.4 ± 6.1 µm) and
smallest (wt=30.1 ± 3.7 µm; ho=22.4 ± 2.1 µm) fiber were estimated. These results confirm
what it was found under qualitative analysis (Figure 45A).
4.6.1.2 Determination of fiber I and II population
Serial muscle cryosections (10 µm) were stained using both H&E and NADH for
determination of fiber type. In skeletal muscle tissue, there are two types of fibers:
4.6.2.2.1 Fiber type I
They are slow twitch (ST) speed fibers, slow oxidative and have strong aerobic activity.
These fibers are very important during a slow contraction time and have high resistance to
fatigue. Structurally, they have a high mitochondrial and capillary density, and a high
myoglobin content. Energetically, they have a low supply of creatine phosphate (a highenergy substrate used for quick, explosive movements), low glycogen content, and a wealthy
store of triglycerides. They contain few of the enzymes involved in glycolysis, but contain
many of the enzymes involved in the oxidative pathways (Krebs cycle, electron transport
chain).

Functionally,

ST

fibers

are
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Figure 44: Morphology of skeletal muscle tissue stained with Hematoxylin-Eosin is affected in HCN

. Here it

is shown transversal 10 µm cryosections of skeletal muscle tissue prepared from wild type, hetero- and
homozygous mice of 6 weeks (6 w), 3 months (3m), 6 months (6m) and 12 months (12m). Older homozygous
mice show clear myopathic signs with internalized myonuclei (white arrows) and rounded atrophic fibers (black
arrows. Scale bar: 50 µm). Wt: wild type; He: heterozygous; Ho: homozygous.
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Figure 45: Morphometric analysis of skeletal muscle tissue. A: Quantitative analysis of fiber diameter measuring
at least 100 fibers per animal. Serial sections were prepared from 12 months old mice and stained with H&E and
the following parameters were considered: average fiber size, average biggest fibers and average smallest fibers.
Note that homozygous animals (ho) have smaller fiber diameters compared to wild type mice (wt). Wt = black
bars; Ho = white bars (wt: n=387 and ho: n=742 obtained from 3 and 4 animals, respectively). B: Representative
pictures of serial sections stained with H&E and NADH are shown. Note that fiber type I are darker and smaller
that those of type II. Wt: wild type; ho: homozygous.
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requiring low-level force production, such as walking and maintaining posture. Most activities
of daily living use ST fibers (Dubowitz and Sewry. 2007).
4.6.2.2.2 Fiber type II
They are fast twitch (FT) speed and fast oxidative glycolitic. These fibers are very
important during a quick contraction time and have a low resistance to fatigue. The
differences in the speeds of contraction that gives the fibers their names can be explained, in
part, by the rates of release of calcium by the sarcoplasmic reticulum (the muscle's storage
site for calcium) and by the activity of the enzyme (myosin-ATPase) that breaks down ATP
inside the myosin head of the contractile proteins. Both of these characteristics are faster
and greater in the FT fibers (Dubowitz and Sewry. 2007).
In the NADH reaction, formazan precipitate is deposited at sites of mitochondria.
Therefore, fiber type I should be stained more intense than type II. Staining analysis in
samples from wild type mice show that the biggest fiber are type II and the smallest type I.
The smallest fibers found in samples from homozygous mice are strongly stained, meaning
that atrophic fibers correspond to type I (Figure 45B, lower panel). Statistical analysis of fiber
type population shows that in both wild type and homozygous mice the percentage of fiber
type I is the same (wt=36.1 ± 15.0%, ho=39.1 ± 12.9%; n wt=387; n ho=742) and there were
no differences concerning its size (Figure 46). Small and big fiber sizes are decreased in
homozygous animals, but the percentage of fiber type I is the same when compared with wild
type. Therefore, these results indicate that both fiber I and II are equally affected (wt=41.57 ±
3.2 µm, ho=36.5 ± 3.6 µm; n wt=387; n ho=742)
4.6.1.3 Expression of HCN1 in muscle tissue
Expression of HCN1 was analyzed in protein extracts from muscle tissue. No detectable
levels of HCN1 were found even in wild type animals (Figure 47). Therefore, the amount of
protein was increased and immunoprecipitation was performed using anti-HCN1 N- and Cterminal. In this experiment, no expression of HCN1 was found (Figure 48). In contrast, RTPCR experiments show that HCN1 is present in muscle tissue, indicating that probably the
further expression of HCN1 is very low, meaning that this channel does not play a role in
muscle morphology directly (Figure 49).
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Figure 46: Quantitative analysis of skeletal muscle fiber types. Here it is shown the percentage and size of fiber
type I. Note that in both wild type (wt) and homozygous mice (ho) 50% of all fibers is type I and its size is about 40
µm. Wt = black bars; Ho = white bars.

Figure 47: Expression of HCN1 in muscle tissue. HCN1 expression was determined by Western blot analysis with
protein extracts from adult muscle tissue using C-terminal anti-HCN1. No detectable expression of HCN1 was
found in both wild type and homozygous mice. Probes prepared from cerebellum were used as controls.
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Figure 48: Immunoprecipitation of HCN1 in skeletal muscle tissue. HCN1 protein was immunoprecipitated using 1
mg of N-terminal anti-HCN1 and detected by C-terminal anti-HCN1 1:500. Probes prepared from cortex used as
controls. Co: cortex; MQ: quadriceps; S: supernatant; Wt: wild type; Ho: homozygous. The amount of protein was
500 mg. Nevertheless, there were no detectable levels of HCN1.

Figure 49: Expression of HCN1 in muscle tissue. RT-PCR analysis using different primer pair combinations
demonstrate that HCN1 is expressed at low levels in skeletal muscle tissue, although as a protein is not detected.
W: water control; Co: cortex; Ce: cerebellum; He: heart; M: skeletal muscle. PBGD was used as house-keeping
gene.
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4.6.1.4 Analysis of other genes located in chromosome 13 by RT-PCR
Since HCN1 expression levels were not affected in homozygous probes from skeletal
muscle tissue, several genes close to HCN1 were analyzed by RT-PCR in order to know if
their expression in muscle tissue was affected. Upstream HCN1 the following genes were
studied: Parp8, Emb; downstream are found the following genes: Mrps30, FGF10, Nnt,
Paip1. Most of the genes were equally expressed in both wild type and homozygous mice
(Figure 50). Real time RT-PCR shows that Parp8 gene expression is slightly decreased in
skeletal muscle tissue but this has probably almost no effect on the phenotype (Figure 51).

Figure 50: Expression levels of genes in muscle tissue located nearby HCN1. A: Schematic illustration of genes
analyzed by PCR (Parp 8, Emb, Mrps 30, FGF 10, Nnt and Paip 1). Gene size is indicated in every box and
HCN1 is labeled in red. B: RT-PCR analysis shows that no alteration on the level expression of genes studied
was observed except for Parp8. PBGD was used as house keeping gene. W: water control; wt: wild type; ho:
homozygous; Ce: cerebellum; M: skeletal muscle tissue. Relative distance is also indicated in kilo bases.
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Figure 51: Expression levels of Parp 8 gene located nearby HCN1 in skeletal muscle tissue and cerebellum.
Quantification of mRNA species containing exons 8-9 by real time RT-PCR indicates slightly lower expression in
skeletal muscle tissue of homozygous mice.
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4.6.2 Evaluation of Purkinje cell homeostasis
The cerebellum is the brain region responsible for postural control and motor coordination.
Purkinje cell neuropathies have been associated with ataxia and deficits in motor
coordination. To address the question whether HCN1 function is involved in Purkinje cell
homeostasis, brain sections were immunostained with anti-Calbindin-D28k, which marks
cerebellar Purkinje cells. Calbindin-D-28K is a vitamin D-dependent calcium-binding protein
and belongs together with calmodulin, S-100, parvalbumin, troponin C and other proteins to a
family of low molecular weight calcium-binding proteins. The concentration of calcium is
10.000 times lower on the inside than on the outside of brain cells. That is the reason why a
tiny flux of calcium into the cell will cause important changes in cellular activity; therefore, the
cell has to control calcium through diverse mechanisms (Chard PS et al., 1995). Examination
of cerebellar histological sections at different magnifications showed no significant
differences in terms of Purkinje cell morphology and number (p=0.9572) in both wild type and
heterozygous mice. In contrast, HCN1-ex3/-ex3 mice revealed a loss of Purkinje cells and some
morphological changes in dendritic tree complexity (Figure 52A). For this reason,
quantification of calbindin positive cells was performed in HCN1-ex3/-ex3 animals at different
ages. This analysis revealed a smaller number already at the age of three months in
comparison to both wild type and heterozygous animals (Figure 52B). In other studies, it was
found some increase in Purkinje cell number with age in wild-type animals (Chintala et al.,
2009). In our studies, the number increased from 444 ± 13 cells at the age of 3 months to
498 ± 48 cells at the age of 6 months (Figure 52B-C) but it is not highly significant
(p=0.0568). No further increase was observed with one year old animals (p=0.3631. Figure
52D). In contrast, analysis of six months old HCN1-ex3/-ex3 mice revealed no gain in Purkinje
cell number and at the age of one year even a small decrease in number was detected
suggesting a progressive cell loss over time (from 375 ± 35 cells to 327 ± 66 cells Figure
52C-D).
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-ex3/-ex3

Figure 52: Purkinje cell number is reduced in HCN1

mice. A: Immunohistochemical staining for calbindin of

brain sections from 1 year old mice reveals a decrease in dendritic arbors of Purkinje cells in the ML (white
arrows) compared to wild type mice (black arrows). Representative pictures are shown (Scale bar: 500, 100, and
20 µm). B, C and D: Number of Purkinje cells per cerebellar slice from homozygous animals at 3 months (360 ±
34 cells. p<0.01), 6 months (375 ± 35 cells. p<0.001) and 1 year old (327 ± 65 cells. p<0.001) is decreased
compared to both age matched wild type mice (421 cells; 514 ± 39 cells; 478 ± 27 cells) and age matched
heterozygous mice (444 ± 13 cells; 498 ± 48 cells; 499 ± 18 cells). Cell counts are represented in black (wild
type), gray (heterozygous) and white bars (HCN1

-ex3/-ex3

). ML, Molecular layer; PCL, Purkinje cell layer; GCL,

granule cell layer [effect of genotype: p<0.0001. F(2,20)=20.62].
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4.7. Comparison with previous HCN1 knock-out model
4.7.1 Motor coordination experiments
Previously, Eric Kandel’s group had generated HCN1 deficient mice where the inactivation
the HCN1 locus was achieved by a targeted deletion of exon 4 (Nolan et al., 2003). The
authors found in these mice that the learning of fast movements (swimming and rotarod) was
profoundly impaired. However, no progressive phenotype was described suggesting possible
differences between the two HCN1-mutant mouse lines. To address this question we
performed an analysis of motor behavior with HCN1-ex4/-ex4 mice. Rotarod experiments show
that HCN1-ex3/-ex3 and HCN1-ex4/-ex4 mice have both a similar affected performance showing
that learning of fast movements is profoundly impaired in comparison to controls [effect of
genotype: p=0.0007, F(1,6)=41.55. Figure 53A-B]. Motor coordination and balance was also
evaluated by the beam test in both mouse models. In our mouse model, the performance of
six months old animals on the 5 mm square beam (56 ± 9 s. Figure 36B) is more severely
affected compared to 11 mm round beam (39± 18 s. Figure 36C). This difference is not
obvious with in HCN1-ex4/-ex4 where the bad performance on both square [effect of genotype:
p=0.0014. F(1,5)=40.37] and round beams [effect of genotype: p<0.0001. F(1,5)=1422.72]
reaches similar levels (Figure 53D). When HCN1-ex4/-ex4 mice were analyzed in the agility test
we could observe an impaired performance, which is similar to our mouse model (score: 2.0
± 0.8. Figure 53C). As mentioned before, the bad performance in the string suspension test
could be caused by a loss of muscle strength. Therefore, we measured muscle strength in
both fore- and hindlimbs using a grip strength meter in both mouse models. Similar to our
mouse model, HCN1-ex4/-ex4 mice also showed a small decrease in muscle strength in
comparison to controls [effect of genotype: p=0.078, F(1,5)=4.89. 146.0 ± 9.4 g to 125.3 ±
11.5 g. Figure 53D].
4.7.2 Evaluation of muscle phenotype
Skeletal muscle tissue of HCN1-ex4/-ex4 mice was also studied in order to find if changes on
its morphology were also present. Surprisingly, no evidence of atrophic fibers or internalized
myonuclei was found on samples prepared from 6 months old (Figure 54) and one year old
(Figure 55).
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Figure 53: Analysis of motor behavior of HCN1

-ex4/-ex4

mice. A. Rotarod learning ability of HCN1

-ex4/-ex4

mice is

severely affected at the age of 6 months old [Effect of genotype: p=0.0007, F(1,6)=41.55]. B. Performance in
motor coordination and balance of HCN1
cases, HCN1

-ex4/-ex4

-ex4/-ex4

animals on square (left) and round beams (right) is shown. In both

mice showed a very low performance [effect of genotype in beam square test: p=0.0014,
-ex4/-ex4

F(1,5)=40.37 and beam round test: p<0.0001, F(1,5)=1422.72, respectively]. C. Agility test in HCN1
animals shows similar decrease in performance as HCN1
is also slightly reduced in HCN1

-ex4/-ex4

-ex3/-ex3

mice (score: 2 ± 0,8. p<0,05). D. Muscle strength

mice. Wild type: black diamonds and black bars; HCN1

triangles and white bars [effect of genotype: p=0.078, F(1,5)=4.89].
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Figure 54: Morphology of skeletal muscle tissue stained with H&E in young HCN1
-ex3/-ex3

type, HCN

-ex4/-ex4

and HCN

-ex4/-ex4

mice. Six months old wild

-ex3/-ex3

animals were compared. Note that in contrast to HCN

fibers (black arrows) and internalized myonuclei (white arrows) were found in HCN

-ex4/-ex4

mice. Scale bar: 50 µm.

-ex4/-ex4

Figure 55: Morphology of skeletal muscle tissue stained with H&E in old HCN1
type, HCN

-ex3/-ex3

-ex4/-ex4

and HCN

were found in HCN

-ex4/-ex4

no signs of atrophic

mice. One year old wild

animals were compared. No signs of atrophic fibers and internalized myonuclei
-ex3/-ex3

mice. In contrast, HCN

mice show clearly the myopathic signs mentioned above

indicated with black and white arrows. Scale bar: 50 µm.
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4.7.3 Purkinje cell homeostasis
In parallel, analysis of 6 months old HCN1-ex4/-ex4 mice (Figure 56B) revealed a similar
phenotype. Purkinje cell number is decreased more than 20% compared to wild type animals
[339 ± 33 to 457 ± 32 cells. Effect of genotype: p=0.0025, F(1,7)=21.01]. Furthermore,
calbindin immunostaining also indicates a decrease in dendritic arbors from the Purkinje cells
in the molecular layer (Figure 56A).
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-ex4/-ex4

Figure 56: Loss of Purkinje cells is found in the HCN1

mouse model. A: Immunohistochemical staining for

calbindin of brain sections from six months old mice also reveals a decrease in dendritic arbors from the Purkinje
cells in the ML (white arrows) compared to wild type mice (black arrows). Representative pictures are shown at
different magnification (Scale bar: 500, 100, and 20 µm). B: Number of Purkinje cells per cerebellar slice of
HCN1

-ex4/-ex4

mice [339 ± 33 cells. Effect of genotype: p=0.0025, F(1,7)=21.01] is decreased compared to wild

type mice (457 ± 32 cells). Cell counts made in wild type and HCN1

-ex4/-ex4

mice are shown in black and white

bars, respectively. ML, Molecular layer; PCL, Purkinje cell layer; GCL, granule cell layer.
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Taken together, inactivation of the HCN1 locus either by deleting exon 3 or exon 4 results
in a progressive loss of motoric skills with aging, which is most likely a consequence of
Purkinje cell loss and/or a deficit of increasing the cell number with age.
4.8 Controls
Control experiments were designed in order to exclude the possibility that the presence of
the transgene may cause the phenotype we have observed in HCN-ex3/-ex3 mouse model. For
that purpose, it was first measured the luciferase activity in different organs prepared from
wild type, hetero and homozygous mice. The total activity was measured in light units per µg
of protein. The observed levels of luciferase activity are very low in all organs, indicating that
the transgene is not active (Figure 57). Secondly, expression levels of IKK α/β were also
analyzed through western blot and no alteration in the amount of protein expressed was
found in both homozygous mice HCN-ex3/-ex3 and HCN-ex4/-ex4, which again proves that the
transgene has no effect on the ataxia phenotype observed (Figure 58). In addition, the same
experiment was made using protein extracts from muscle tissue and IKK α/β was not
detected in wild type, hetero- and homozygous samples (Figure 59).

-ex3/-ex3

Figure 57: Low luciferase activity observed in HCN

-ex3/-ex3

mice. Organs obtained from HCN

were prepared

for luciferase activity measurement (light units per amount of protein). Note that all values are very low, indicating
that transgene integrated on the mouse genome is not active.
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Figure 58: Equal expression of IKK α/β in protein extracts from cerebellum. IKK α/β expression was determined
-ex3/-ex3

by Western blot analysis with protein extracts from adult cerebellum. Two HCN

mouse strains were
-ex4/-ex4

analyzed (NMRI and C57BL/6, indicated as N and B6, respectively). As controls, wild type and HCN

were

included. Note that in all samples there is no variation on the expression level of IKK α/β. ERK2 expression serves
as loading control. Wt: wild type; He: heterozygous; Ho: homozygous; K: HCN

-ex4/-ex4

.

Figure 59: No ectopic expression of IKK α/β in skeletal muscle tissue. IKK α/β expression was determined by
Western blot analysis with protein extracts from adult skeletal muscle tissue. No detection of this protein was
observed. Positive and negative controls are also included. ERK2 expression serves as loading control.
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5. Discussion

5.1 Observation of motor deficits in HCN1-ex3/-ex3 mice
An evident ataxia phenotype was first seen in homozygous mice. In contrast,
heterozygous mice behave just like wild type mice. Slight abnormalities in motor coordination
and balance were observed in six months old HCN1-ex3/-ex3 animals, when placed on wire
cage lid. Loss of motor coordination got clearly aggravated with age, which was observed in
one year old animals, including tremors characteristic for cerebellar ataxia.
5.2 Transgene integration on the genomic mouse DNA
We have generated and characterized a novel HCN1-mutant mouse line. The line arose
as an integration mutant in a transgenic mouse and due to transgene insertion into the HCN1
gene locus.
The transgene contains several elements and one of them is the IKK2 sequence including
a mutation on the catalytic domain. Control experiments were performed in order to confirm
that transgene insertion was not responsible of the ataxia phenotype observed in
homozygous HCN-ex3/-ex3 animals. The very low level of luciferase activity and equal
expression of IKK2 in protein extracts from both wild type and homozygous mice confirmed
that there is no relationship between transgene function and the phenotype observed.
Using bioinformatics tools, we have found that sequences of genomic DNA fragments
containing parts of the transgene have high homology with regions of both chromosomes 11
and 13. PCR analysis shows that a significant piece of DNA was lost only in the sequence
located on chromosome 13. Parts of intron 2, intron 3, and the complete exon 3 of HCN1
were deleted. To verify whether other genes might be affected, specific primers were also
designed for both chromosome 11 and 13. PCR results indicate that only the sequence
corresponding to HCN1 is lost. Analysis of sequences containing parts of the transgene
resulted in high homology with sequences found in two chromosomes, and translocation of
genetic material could take place during transgene integration. FISH experiments
demonstrate that no translocation between the two chromosomes studied took place,
indicating that the transgene was only integrated on chromosome 13. Nevertheless, it is
unclear how some sequences had similarity with genomic DNA found on chromosome 11. In
order to locate the exact point of the integration locus, specific primers were designed to
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recognize both transgenic and genomic DNA and the PCR fragment generated was cloned
and sequenced. Using this procedure, it was found the exact point of the integration locus,
which indicates that in total 14970 bp are lost due to transgene integration, from which 10523
bp correspond to intron 2, 162 bp to exon 3 and 4285 bp to intron 3. Considering that the
transgene is 6612 bp and the usual integration modus is head to tail, we could estimate that
the transgene is two times integrated in a row.
5.3 HCN1 expression is affected in homozygous mice
PCR results indicate at the genomic level that all exons are present except exon 3.
Therefore, it was important to know if there was any change on the transcription process.
RT-PCR results show that only exons 1, 2 and 4 are transcribed in homozygous mice. It is
important to note that in mutant mice a smaller PCR fragment was found when exons 2 and
4 are covered. This product is probably not stable enough for further translation and that
would explain why HCN1 mutant protein was not detected in western blot experiments.
Considering that the exons 1, 2 and 4 codifies for a sequence corresponding to 345
aminoacids, we should have expected a 38.6 kD band. The fragment containing exons 2 and
4 prepared from mutant mice was further used to create a HCN1 transcript without exon 3
(HCN1Δ3) and inserted into a plasmid. When this element was used for in vitro translation or
transfected into HEK293 cells, it was detected the expected band of 96.1 kD. The only
explanation to clarify this difference in both in vivo and in vitro processes is that the mutant
RNA produced is rapidly degraded. Although we detected truncated mRNA species from the
mutant locus, no stable protein could be identified, suggesting that loss of functional HCN1
protein is the cause of the ataxia phenotype in our transgenic mouse line.
5.4 Deficit in motor coordination of HCN1-ex3/-ex3 mice
In several motor behavior experiments we observed that both young and old HCN1-ex3/-ex3
mice have impairment in coordination whereas we could not detect any difference in their
exploratory activity like open field task. A major finding of our studies is the progression of
the motor phenotype deficit with age. At 6 weeks of age, some deficits in motor learning
could be observed on the rotarod. However, one year old HCN1-ex3/-ex3 mice almost
completely failed to improve their performance on the rotating rod during consecutive training
sessions in comparison to both wild type and heterozygous mice. In addition, a similar agedependent aggravation was determined in both the beam walking and string agility test.
Water maze experiments using the visible platform paradigm show that homozygous mice
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tend to maintain a tendency to swim in loops and swim a longer distance to reach the
platform than wild type mice. These results indicate that homozygous mice have difficulties to
learn the shortest way to find the platform and also tend to forget where the platform was.
This activity is unrelated to spatial memory and it measures motor-visual abilities. In the
submerged platform paradigm is very clear that homozygous mice had to swim a longer
distance than wild type mice, which indicates that spatial localization function is affected. In
contrast, after probe trial mutant mice still remember where the platform was, indicating that
memory functions are not affected. The observed deficits in motor coordination are most
probably caused by the loss of HCN1 activity in Purkinje neurons of the cerebellum
(Herrmann et al., 2007), which are primarily concerned with postural control and motor
coordination. Interestingly, the spontaneous spike activity of mutant Purkinje cells was not
altered demonstrating that HCN1 does not operate as primary pacemaker in these neurons
(Nolan et al., 2003). It was also found that upon injection of negative current, mutant Purkinje
cells display a pronounced membrane hyperpolarization resulting in a reduction of cell firing.
In wild type Purkinje cells this event is independent of the previous state (active or silent),
whereas in knock-out cells firing is reduced if cells come from a silent state (Nolan et al.,
2003). Therefore, in mutant cells this event depends on the preceding state of activity
observed. As a consequence, the alternating Purkinje cell inhibition and excitation is affected
which seems to be important for learning rapid movements.
5.5 Myopathological signs in skeletal muscle tissue found in HCN1-ex3/-ex3 mice
The lack of motor coordination could be due to the loss of motorneurons. Therefore,
muscle tissue histology was also analyzed. Adult homozygous animals demonstrated clearly
myopathic signs with increased number of internalized myonuclei, rounded atrophic fibers
and some necrotic cells, which is unspecific myopathlogical sign. Furthermore, younger
homozygous mice are affected to a lower extend and the number of internalized myonuclei is
regular compared to wild type. It is also found a lesser extend and larger fiber size of round
atrophic fiber in comparison with older. A neuropathic disease is discarded because the
typical pathological hallmark is fibers in spindle and this sign is not present in mutant mice.
The main pathological hallmark found in histological sections of muscle fibers is rounded
atrophic fibers. Therefore, considering all these results, we can conclude that this phenotype
found in skeletal muscle tissue has a myopathic instead of neuropathic origin. Morphometric
analysis of skeletal muscle tissue stained with NADH and H&E shows that percentages of
fiber type I and II are similar in both wild type and homozygous mice. Sizes of muscle fibers
are decreased in homozygous mice compared to wild type and atrophic fibers correspond to
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type I, which are responsible for slow movements required in aerobic activity. In quantitative
terms, the percentage of fiber type I is not affected in mutant mice and the average size is
about 40 µm.
5.6 HCN1 inactivation results in loss of Purkinje cells
We provide now evidence for an additional function of HCN1 in regulating Purkinje cell
homeostasis upon aging. The permanent loss of HCN1 activity results in a prominent decline
in calbindin-positive Purkinje cells and decrease in complexity of the dendritic tree in old
animals. Our data imply that the correct regulation of the input-output relation of Purkinje
cells by HCN1 or its function in antagonizing an otherwise long-lasting hyperpolarization is
also involved in the regulation of Purkinje cell survival and differentiation.
A specific deletion of the HCN1 channel in forebrain neurons results in an unexpected
enhancement of spatial learning and memory, which was shown in water maze experiments.
Moreover, long-term potentiation (LTP) at the direct perforant path input to the more distal
dendrites of CA1 neurons is strongly enhanced in HCN1 deficient mice, which indicates that
HCN1 channels also regulate learning and memory by constraining LTP at distal synaptic
inputs to hippocampal pyramidal neurons (Nolan et al., 2004). However, an ataxia like
phenotype was not observed in this model. Furthermore, inactivation of other HCN family
members does not result in ataxia, indicating a specific function of HCN1 in Purkinje cell
homeostasis (Ludwig et al., 2003; Herrmann et al., 2007).
In a recent study, no evident loss of Purkinje cells was found in young and old HCN1-ex4/ex4

mice (Massella et al., 2009). This discrepancy to our data is maybe due to differences in

the selection criteria for counting Purkinje cells. We counted calbindin-positive Purkinje cells
from all lobules whereas Masella et al. used toluidine staining and focused only on a
selective folium of the cerebellar cortex. They also observed motor coordination defects,
which worsen from 2 to 6 months of age and was associated with a decline of GABA content
in the cerebellum.
In a transgenic mouse model expressing a mutant spinocerebellar ataxia allele (SCA1) a
dendritic atrophy of Purkinje cells was found without prominent cell death in younger animals,
which already results in motor behavior deficits (Clark et al., 1997). We detected a small
increase in Purkinje cell number with age in both wild type and heterozygous mice, which
was not present in HCN1-ex3/-ex3 mice. Interestingly, we found in addition to a gradual loss of
Purkinje cells alterations in the organization of the dendritic tree of these cells. Therefore,
motor coordination deficits of HCN1-ex3/-ex3 mice could be the result of reduced Purkinje cell
number and changes in dendritic arborization, which is more pronounced in one year old
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animals.
There are several mouse mutants known with Purkinje cell neuropathies, leading to ataxia
and tremors. For example, adult heterozygous Lurcher mice show a degeneration of almost
all Purkinje cells and 90% of the granular cells of the cerebellum, resulting in ataxia and
general deficits in motor coordination (Porras-Garcia et al., 2005). In the weaver mutant
mouse it was proposed that the effect of the mutation in the wv gene is a general disruption
of cellular distribution in the cerebellar cortex, affecting both Purkinje and granule cells
prenatally (Herrup and Trenkner, 1987). Studies in the reeler mutant mouse show that the
total estimation of Purkinje cells is less that half the number found in normal mice and only
5% of these cells are located in a normal position (Heckroth et al., 1989). The classical
recessive mouse mutant, Purkinje cell degeneration (pcd), exhibits adult-onset degeneration
of cerebellar Purkinje neurons and mutants exhibit a moderate ataxia beginning at 3 to 4
weeks of age. The ataxia results from postnatal degeneration of almost all Purkinje cells
beginning around 15 to 18 days of age and progressing over the next 2 weeks (Mullen et al.,
1976; Fernandez-Gonzalez et al., 2002). A severe ataxia can be seen in Staggerer mice
(sg/sg), which is correlated with cerebellar Purkinje cell anomalies (small size, ectopia and
reduced number) and granule cell death (Sonmez and Herrup, 1984).
Given the importance of HCN channels in nervous system and heart function, previous
studies implicated that Ih is related to at least three classes of disorders: epilepsies, cardiac
arrhythmias, and neuropathic pain. In a rat model of childhood febrile seizures (Chen et al.,
1999; Chen et al., 2001) convulsions originated in the hippocampus and electrophysiological
recordings showing an enhancement of I h together with downregulation of HCN1 and
upregulation of HCN2 were observed (Brewster et al., 2002; Brewster et al., 2005). This
deviation on individual HCN channel types could contribute to hippocampal hyperexcitability.
Furthermore, HCN2 -/- mice show absence epilepsy, which is a sudden and brief impairment
of consciousness and behavioral arrest (Ludwig et al., 2003) and is characterized by an
increased prevalence of burst firing and synchronized oscillatory activity in thalamocortical
circuits (McCormick and Contreras, 2001). Moreover, two rat models for this disease
(Strauss et al., 2004; Budde et al., 2005; Kuisle et al., 2006) showed increased levels of
HCN1 in thalamocortical neurons. In addition, it was shown that HCN1 knock-out mice
entered into a status epilepticus and expired upon administration of the convulsant kainate.
Reducing the kainate dose, the animals survived and showed shorter latency period to the
development of spontaneous seizures than wild types, meaning that HCN1 channels exert
an anticonvulsant action (Szybala et al., 2009). Even if no HCN channelopathies involving
epilepsy have been reported, changes in HCN channel expression were found in the dentate
gyrus from patients with temporal lobe epilepsy and severe hippocampal sclerosis (Bender et
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al., 2003).
5.7 HCN1-ex4/-ex4 mice also develop motor behavior deficits and changes in Purkinje cell
homeostasis but no myopathological signs were found
Results found in HCN1-ex3/-ex3 in the visible platform paradigm are quite similar compared
to HCN-ex4/-ex4 (Nolan et al 2003). In contrast, experiments using the hidden platform
paradigm differ from a previous work published (Nolan et al 2004), but it has to be noticed
that a forebrain-restricted knock-out of the HCN1 gene was used for those studies.
Considering our results, when the path length is analyzed during four consecutive days, it
can be seen that wild type and heterozygous mice learn the spatial task faster than
homozygous HCN1-ex3/-ex3 animals. In addition, the probe trial performance on day 7 was
similar in all group of mice analyzed, indicating that they use a spatial strategy to solve the
task.
Most of the results found in the analysis motor activity confirm a similar level of
impairment in both HCN1-ex3/-ex3 and HCN1-ex4/-ex4 animals. Only one difference can be found:
beam test experiments show that HCN1-ex4/-ex4 mice show a tendency to have a worst
performance in both square and beam tests. This difference could be explained because this
mouse strain was developed from black 6 and ours from NMRI mice. The previously
described mouse model identified HCN1 function as a crucial component for learning fast
movements. However, the impact of HCN1 loss on motor skills upon aging was not
addressed.
As it was discussed above, atrophic fibers and internalized myonuclei are a typical
hallmark found in histological sections prepared from skeletal muscle tissue of HCN1-ex/-ex3
mice. Surprisingly, none of these pathological signs were found in samples prepared from
HCN-ex4/-ex4 mice.
Analysis of cerebellar sections of HCN1-ex4/-ex4 animals shows also a decrease in dendritic
arbor like in samples prepared from HCN1-ex3/-ex3. As it was shown for HCN1-ex3/-ex3 animals,
cell counts indicate also a decrease in Purkinje cell number population. Therefore, Purkinje
cell homeostasis is also affected.
5.8 Transgene has no influence on the phenotype observed
Since a transgene containing simian virus 40 (SV40) enhancer, luciferase reporter gene, a
bidirectional promotor, a β-globin sequence and a mutated sequence of IKK2 in the catalytic
domain was integrated on the genomic DNA, it was important to clarify whether this

97

Discussion
transgene was active or somehow influencing the phenotype observed. For this purpose the
luciferase activity and IKK expression were analyzed. The very low values of luciferase
activity indicate that the transgene is not active. IKK expression in protein extracts from
cerebellum has similar expression levels in wild type, hetero- and homozygous animals and
no detectable levels of IKK ectopic expression was found. These results confirm that the
phenotype observed is not due to the transgene itself, but the lack of HCN1 expression.
5.9 Concluding remarks
We have generated and characterized a novel HCN1-mutant mouse line. The line arose
as an integration mutant in a transgenic mouse and due to transgene insertion into the HCN1
gene locus, parts of intron 2, intron 3, and the complete exon 3 were deleted.
Examination of expression levels of other HCN isoforms in our mouse model by RT-PCR
showed no significant changes. Therefore, we conclude that inactivation of HCN1 leads to a
progressive motor behavior deficiency induced by loss and atrophy of Purkinje cells which
most probably originates from pronounced and prolonged membrane hyperpolarization and
finally results in a reduction of cell firing.
In summary, we report that lack of HCN activity results in striking motor coordination
defects which progress with age and correlate with degeneration of Purkinje cells.
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Table 1: Primer for testing transgenic content in BAC clones
Primer

Sequence

ikk-ee-rev1

5´-CTG GAG CAG CAG AAG TAC ACA GTG ACC-3’

pBi5-Egfp

5´-GGT ACC CGG GGA TCC TCT AGT CAG-3

tg-up

5´-GGC CGC CCA TAC ACC GAC ATC GAG-3’

tg-down

5´-TGG CAC CTT CCC GCA GAC CAC AGC-3

Table 2: Primer for screening sequences on chromosome 11
Primer

Sequence

Upper seq 01

5´-TCA GCA GTG GCC GGA GTC ATC-3’

Lower seq 01

5´-AGC GCA TCA GCA GTG TTT GTT C-3

Upper seq 02

5´-CTC TTA ACA CGA CGG GCA GTG GT-3’

Lower seq 02

5´-GTT AAG TGA GGC CCT GTC CTG AAA T-3

Upper seq 03

5´-CCT GGC CTG ACT GAT GCT TAC A-3’

Lower seq 03

5´-TCC CGT CCT TAC CTC CCA AAT G-3

Upper seq 04

5´-CAG CTC CAT GCC CAA GTA AAA A-3’

Lower seq 04

5´-TAA GCC CCC AGT TCA GTT CTC C-3

Upper seq 05

5´-TGA GGA GGA AGG AGC AGC ATC-3’

Lower seq 05

5´-GAC CGG CCT CAC CTC TAT CTC A-3

Upper seq 06

5´-CAG CCC GCT TCC CTT TCC AGT A-3’

Lower seq 06

5´-CAC CCC CTT CAC CTT TCT CCT C-3

Upper seq 07

5´-TGA CCC AGC AGG CGG ACA CA-3’

Lower seq 07

5´-CAC CCA TGC CCA CCT TAC AGA-3

Upper seq spr1ex

5´-ATG GGC TTG ACT TTC CGA CTC C-3’

Lower seq spr1ex

5´-ACT GAT CCC GCC TCC TTC CTG T-3

110

List of primers used for PCR, RT-PCR and real time RT-PCR

Table 3: Primer for screening genes on chromosome 11
Primer

Sequence

in1 up 0839

5´-GGC ATG CAG GAT GGA AAG TGT TG-3’

ex2 low 0839

5´-GAG CCA CTG GGA GCT AGA TC-3

up 1in GABAv3

5´-GTC TGG GTA GGT GTG TTC TCT G-3’

low 2ex GABAv3

5´-CTA AGA AGC ACA TGG GAC AGG C-3

up 8in alp2

5´-GGC TTG AGC AGT TGC TGG TTG-3’

low 9ex alp2

5´-CCT TGC CCT GGT AAT GTC TGC-3

ex1 up 0881

5´-CTT GGG TGC ACG CTA AAT CGA G-3’

in1 low 0881

5´-CTC TTT GAG CCT CAC CCA CC-3

Upper seq spr1ex

5´-ATG GGC TTG ACT TTC CGA CTC C-3’

Lower seq spr1ex

5´-ACT GAT CCC GCC TCC TTC CTG T-3
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Table 4: Primer for screening sequences on chromosome 11
Primer

Sequence

Up 1000bp 1ex

5´-ACC CCC GAA GGC TCA TCT CCT AAT-3’

Low 1000bp 1ex

5´-TGG CAC TCA CTG AAT TTT AAT GGA ACT-3

Up Upseq C7

5´-CAG GGA GGG CCG ATG ACT AAG A-3’

Low Upseq C7

5´-CTCCGGAAAGGGCTGTGATGA-3

Up Dwseq C7

5´-ATC TCT GCA TCC CTG GAA TAA AAC C-3’

Low Dwseq C7

5´-AAC TGG AAA ACC TGG ACG AAA TGG-3

Up Upseq B7

5´-GTG GGC TTG TTC TAC ACT GGT-3’

Low Upseq B7

5´-CTC TAG CAG TCT AAT GCC AGA G-3

Up Dwseq B7

5´-AGA GAC ATC CAG GCA GAG GAA AAC A-3’

Low Dwseq B7

5´-ATG GCC TCT GCA CAA AAG TAA CAG T-3

Up 20 B7

5´-GAG AGC AAT TGG GTG AGG GAA A-3’

Low 20 B7

5´-CTA ACC ATA GTC TCA GAG AAG AAC C-3

Up 30 B7

5´-ACC GGT TGG GAC TTC TTC TGG ATA-3’

Low 30 B7

5´-GCA AGG CAA AAG ACA CCG TCA AT-3

Up 40 B7

5´-TTG TGG CTA TTG TGA AGG GAG TTG T-3’

Low 40 B7

5´-TTT TTG CCA GGG TCC AAT GTT T-3

Up 50 B7

5´-GAG GGG ATC GGG GAT TTT CTG -3’

Low 50 B7

5´-GTG ATG TAG CAC AGC CAG CAA G-3

Up up E6T7

5´-GAT GTT AGG GGT CCA GGT GAG G-3’

Low Up E6T7

5´-TGT GGG GCA TTC GAT AAA GGT C-3

Up Dwn E6T7

5´-GTG TTG TAT CTA GCA GGG GAG C-3’

Low Dwn E6T7

5´-CCG TTG ATC CAG CTA CAC ACG-3
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Table 5: Primer for screening genes on chromosome 13
Primer

Sequence

up 1ex 9138

5´-CCT ACG TTG GCG GCC CC-3’

low 1in 9138

5´-CTA AGT CAG TAG CCC CAG CTC-3

ex1 up IG

5´-GGT TTA TTC TCG AGT GTC CTG TC-3’

in1 low IG

5´-GCT CCC ACG TTT CCT CCT TG-3

Up 1ex fgf10

5´-GTT GGT GCA CTC GCT TCT GG-3’

Low 1ex fgf10

5´-GTG GGG GTG GAT AAT TGG AAG G-3

Up 1ex 3012

5´-CAG GCC AAG CTC TTC TAG GAA G-3’

Low 1ex 3012

5´-AGC CCA CTG TGA GAT TGT GTT TC-3

Up 2ex 1988

5´-GGG AGC GTA AAG CAG CAT GG-3’

Low 2in 1988

5´-GAA ATC CAC CTG CCT CTG TCT C-3

ex1 up 1990

5´-GCA GAA CTC GGA GTC AGC AAT G-3’

in1 low 1990

5´-CTG CCT TGC CTG CCT CAA TC-3
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Table 6: Primers for screening introns and exons on HCN1
Primer

Sequence

Up 1ex dwnK

5´-CTG CAG CCT GGG GTC AAC-3’

Low 1ex dwnK

5´-TGG CCT TCT TCC CTC CTC TG-3

Up 2ex dwnK

5´-CAG ACG ACA ACA CCG TGG ATT ATT-3’

Low 2ex dwnK

5´-TCA GTT GGC TCA AAT GAT TCA GAG A-3

Up 3ex dwnK

5´-CTC GCC AGT GCT GTG GTG A-3’

Low 3ex dwnK

5´-GGA ATG AGA TAG TTA AGG AGA AGT GG-3

Up ex4K

5´-GCG CCA CCT GCT ACG CAA TGT T-3’

Low ex4K

5´-TCC CCT GAT GCC ACC TCT CAA ATG-3

Up ex5K

5´-ATG AGC ACC GAT ACC AAG GCA A-3’

Low ex5K

5´-CAG GGT ACC AAG GAT GAG CAG-3

Up ex6K

5´-GCC GGA AAC TGG TGG CAA CTA T-3’

Low ex6K

5´-GGT TCT GTA TGT TTT CAG CCA GTG-3

Up ex7K

5´-ACT GCC AGT GTC CGA GCT GAT A -3’

Low ex7K

5´-ACA ACA TAA TCC TAC TTG GCT GTG G-3

Up ex8K

5´-CTC CAT GCT CAG CCA CCG TAG G-3’

Low ex8K

5´-CCG AAA GCA TGC CAG GAC CAG-3
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Table 7: Primers for screening intron 2 of HCN1
Primer

Sequence

up seq -10 in2

5´-CTG TTC TCC CTA CAC TCT ATT GAA T-3’

low seq -10 in2

5´-CAG CTC AGT ATG ATT AGT ACC TCT C-3

up seq -9 in2

5´-GGT AGC CCC TGT CTT TCT GTG-3’

low seq -9 in2

5´-CTA TAC TAT GGA AGA GTA GAG TCC TTC-3

up seq -8 in2

5´-GGT CAG TGT CAT TAG CCA GGC-3’

low seq -8 in2

5´-GAT GAG AGC CCA CAG TCA ATC TG-3

up seq -7 in2

5´-CTC ATG TGC AGA CTC AGC AGA C-3’

low seq -7 in2

5´-GAA GCA AAC AGT TCA GGA TTG GAT TG-3

up seq -6 in2

5´-CAT GGT ACT GGT ATA GCG GCA G-3’

low seq -6 in2

5´-CAG GTG CTT CTC AGC CAT TTG G-3

up seq -5 in2

5´-GCT GTG CAT CTC AAC CAG CC-3’

low seq -5 in2

5´-CCA TTG GCC AAC TGA AAA GAC AAT G-3

up seq -4 in2

5´-GCA GTA GGT ATA GTG TAG TTA TCA TAA G-3’

low seq -4 in2

5´-CCA AAC ACT TAC ACA TTG AAG TCT GTC-3

up seq -3 in2

5´-GTT TCC CCA AAT ATG TGT ACA TGT TTA TG-3’

low seq -3 in2

5´-CAC ACG TCA GGA AGA TGT ACT ATA G-3

up seq -2 in2

5´-CCT TGC ATG GTG AGT TAG TAC TTT TC-3’

low seq -2 in2

5´-GAC ATA GGA ACA GAC AAT GGA CAC-3

up seq -1 in2

5´-GTA TCT CAG TGT TTG TGT CCA CTC-3’

low seq -1 in2

5´-GAG ACG CAG TAC TGT TCC AGG-3
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Table 8: Primers for screening intron 3 of HCN1
Primer

Sequence

up seq +1 in3

5´-GAT ACC CAA CTT CCA TTA GTG TCC-3’

low seq +1 in3

5´-CTC TCA ATA AGA TAC AAC CAG GAG C-3

up seq +2 in3

5´-GAA AGA TGC CAA GGT AAT GTA ACT AGG-3’

low seq +2 in3

5´-CCT ACC GAG TAA GCT GCA AGT C-3

up seq +3 in3

5´-CTG TAT AGG AGA TTA ACC CCA TGG-3’

low seq +3 in3

5´-CAG GGA GGT ATA TTT CAG TAG ACA ATC-3

up seq +4 in3

5´-CTG TTG GTC CTT CAG AGG GG-3’

low seq +4 in3

5´-GTT ACA GTG CTC CGT GGT ATT TTG-3

up seq +5 in3

5´-GTT GGC AGA AAC ATA TGG CTT CTT C-3’

low seq +5 in3

5´-GAC CAT ACA TGT ATG CCT GGA TAC-3

up seq +6 in3

5´-GTC AAA ACA GAT TAT CCC CGA AGG-3’

low seq +6 in3

5´-CCA GTG TTG CCA TAA TGT CAT CAG-3

up seq +7 in3

5´-GAG ATT CCT CCT CGC ACC AG-3’

low seq +7 in3

5´-CTT TGT CTC TGT AAC TCC TTC CAT G-3

Table 9: Primers for screening intron 2 of HCN1 at low scale (seq –2)
Primer

Sequence

up 2-3kb seq-2

5´-GCA TTA CAA TTA GTG AAC ATT GGA CAA G-3’

low 2-3kb seq-2

5´-CCC ATT TAA TTG CCC TGC AAC AAT T-3

up 5-6kb seq-2

5´-GAG CAT AGA AGA GTA TAT GGG AAG G-3’

low 5-6kb seq-2

5´-GAA GGG AGA GAG TGG AGA AGG-3

up 6-7kb seq-2

5´-CAG AGA TTA TGA TAT AGT GGT GGC AC-3’

low 6-7kb seq-2

5´-CAA AAA GCA CAC AAG TAT GTC TTC CC-3

up 7-8kb seq-2v2

5´-CCC ATG CCT CCT ACA CAC ATA G -3’

low 7-8kb seq-2v2

5´-GGG ATG GGT TAG TCA GCT ATT GG-3

up 8-9kb seq-2

5´-GGA TCG TAC AAC ACA CTC CAT ATT ATG-3’

low 8-9kb seq-2

5´-CAT CCT GCC TTG GCA CAC AC-3
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Table 10: Primers for screening intron 3 of HCN1 at low scale (seq +1)
Primer

Sequence

up 0-1kb seq+1

5´-CTA CTC CAA TGC ACA CTA GAA CAT C-3’

low 0-1kb seq+1

5´-GTT GCC CAT GAA ATG CTG TGA TTA A-3

up 1-2kb seq-+1

5´-CGA TGA CTA GGC TAT AAC TTT GCT TAC -3’

low 1-2kb seq-+1

5´-CCC AAT GCT ATT GCC CCT AAC C-3

up 2-3kb seq-+1

5´-CCT CCC TTC CAG ATC CAT CC-3’

low 2-3kb seq-+1

5´-CTA CTC TTG AAG GTA GTC AAC ATG C -3

up 3-4kb seq+1

5´-CTG TGT TAG GGC TAG GGG TAT G-3’

low 3-4kb seq+1

5´-GCT CAG TCT TCA TGT GGG TCC-3

up 6,2-7,2kb seq+1

5´-GGA CAT CTG GGT TCT TTC CAG C-3’

low 6,2-7,2kb seq+1

5´-CAT GAA ACT GCA AAA CTT CTG CAA GG-3

Table 11: Primers for RT-PCR HCN1
Primer

Sequence

1up ex1 hcn

5´-GGC GGC GGA GGA GAG GAG-3’

1low ex2 hcn

5´-GAT GAT TTC CGA GCT GTC TTC ATT GAC AG-3

2up ex3 hcn

5´-CTC GCC AGT GCT GTG GTG AGG-3’

2low ex5 hcn

5´-GTA TCT TCT GGC GCA TGT CAG CTG G-3

3up ex4 hcn

5´-CAT GCT GAG CAT GAT TGT GGG CGC-3’

3low ex6 hcn

5´-CAT TTT CTT CCC CAC AGC TCC TTC T CG-3

4up ex7 hcn

5´-GCT ATT GAC CGA CTC GAT CGG ATA G-3’

4low ex8 hcn

5´-CTG GGA CTG CGG TAG TTG CTG C-3

5up ex2 hcn

5´-CAG CCA GAG CAC TTC GTA TCG TGA G-3’

5low ex4 hcn

5´-GCG CCC ACA ATC ATG CTC AGC ATG-3
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Table 12: Primers for integration locus intron 3
Primer

Sequence

Ataxia-1 glob

5´-GCA ACA TAT GCC ATA TGC TGG CTG CCA TG-3’

2-3-3-4

5´-GAT GGG TCT GCA CAC AAC GAG TCC -3

Up 6225 tg

5´-GGG ACA TCA TGA AGC CCC TTG AGC-3’

Low 1411 in3

5´-CAG GAG GTG CCC CAC CCT C-3

Ataxia-1 glob

5´-GCA ACA TAT GCC ATA TGC TGG CTG CCA TG -3’

Low 1411 in3

5´-CAG GAG GTG CCC CAC CCT C-3

Up 6225 tg

5´-GGG ACA TCA TGA AGC CCC TTG AGC -3’

2-3-3-4

5´-GAT GGG TCT GCA CAC AAC GAG TCC -3

Table 13: Primers for integration locus intron 2
Primer

Sequence

up 8-9kb seq-2

5´-GGA TCG TAC AAC ACA CTC CAT ATT ATG-3’

Luci lower

5´-CCC TTC TTG GCC TTT ATG AGG ATC TC-3

up 8-9kb seq-2

5´-GGA TCG TAC AAC ACA CTC CAT ATT ATG-3’

Luci 1 low

5´-CGG CGT CAT CGT CGG GAA GAC-3

up 1079 in2

5´-CTT TGT GTG GGT TAG TGA GGT GCC-3’

Luci 1 low

5´-CGG CGT CAT CGT CGG GAA GAC-3

up 8-9kb seq-2

5´-GGA TCG TAC AAC ACA CTC CAT ATT ATG-3’

Screen 2/1

5´-CAG ACG ACG AGG CTT GC –3
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Table 14: Primers for RT-PCR of HCN2
Primer

Sequence

2up ex2 hcn2

5´-GTC ATC CAT CCC GGT GGA CTA CAT C-3’

2low ex3 hcn2

5´-CCA TGT TGT TGA TGG ACA CCC AGC AG-3

3up ex4 hcn2

5´-CCA CTC GTG GAG CGA GCT CTA C-3’

3low ex5 hcn2

5´-CAG TGG CCC GTT GAG TTC CCC-3

4up ex6 hcn2

5´-GCT GGT GGC TTC CAT GCC GC-3’

4low ex8 hcn2

5´-GCT GAA CCT TGT GCA GCA AGA TGG-3

3up ex4 hcn2

5´-CCA CTC GTG GAG CGA GCT CTA C-3’

4low ex8 hcn2

5´-GCT GAA CCT TGT GCA GCA AGA TGG-3

Table 15: Primers for RT-PCR of HCN3
Primer

Sequence

4up ex6 hcn3

5´-CGT CAC CGC AGT GCT CAC CAA G-3’

4low ex8 hcn3

5´-CTG CTG CCT GGA CTC GGC TC-3

3up ex4 hcn3

5´-CTC GTG GGG CCG CCA GTA TTC-3’

4low ex8 hcn3

5´-CTG CTG CCT GGA CTC GGC TC-3

Table 16: Primers for RT-PCR of HCN4
Primer

Sequence

2up ex2 hcn4

5´-CTC CTC CAT CCC TGT CGA CTA CAT C-3’

2low ex4 hcn4

5´-GTG AGC CAG ACG TCA GAC ATG CC-3

3up ex5 hcn4

5´-CAG CGC ATC CAT GAC TAC TAT GAA CAC-3’

3low ex6 hcn4

5 -GGA GCC ATC AGC CAG CTT GGT C-3

4up ex7 hcn4

5´-GCT GGT GGC TTC CAT GCC GC-3’

4low ex8 hcn4

5´-GCT GAA CCT TGT GCA GCA AGA TGG-3

2up ex2 hcn4

5´-CTC CTC CAT CCC TGT CGA CTA CAT C-3’

3low ex6 hcn4

5´- GGA GCC ATC AGC CAG CTT GGT C-3
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Table 17: Primers for RT-PCR of HCN1-4 in muscle tissue
Primer

Sequence

1up ex1 hcn

5´-GGC GGC GGA GGA GAG GAG-3’

1low ex2 hcn

5´-GAT GAT TTC CGA GCT GTC TTC ATT GAC AG-3

5up ex2 hcn

5´-CAG CCA GAG CAC TTC GTA TCG TGA G-3’

5low ex4 hcn

5 -GCG CCC ACA ATC ATG CTC AGC ATG-3

3up ex4 hcn

5´-CAT GCT GAG CAT GAT TGT GGG CGC-3’

4low ex8 hcn

5´-CTG GGA CTG CGG TAG TTG CTG C-3

5up ex2 hcn

5´-CAG CCA GAG CAC TTC GTA TCG TGA G-3’

3low ex6 hcn

5´-CAT TTT CTT CCC CAC AGC TCC TTC TCG-3

Table 18: Primers for RT-PCR of genes found in chromosome 13 (muscle tissue)
Primer

Sequence

2 up ex8 Parp8

5´-CTC AGC TAG AAG CTG ATC TGT CTG C-3’

2 low ex13 Parp8

5´-GTC CTC CGC AGC AGC TTG TGT G-3

1 up ex1 Nnt

5´-CGG TGG TGG CTG GCT GTT CAT G-3’

1 low ex3 Nnt

5 -GAG AGC ATC ATA GCC CTG AGC TAT TG-3

1 up ex1 emb

5´-CGC TCG CAC ACT GGC CTG AG-3’

1 low ex5 emb

5´-CCC CCA CGT AAG CGA TCA ACG AC-3

1 up ex1 mrps30

5´-GTC CCA GAA TGC CGC TGC TAA GG-3’

1 low ex2 mrps30

5´-CAC GCA ACC AGT AAA AGT CAA CAG AGC-3

1 up ex1 FGF10

5´-GCC TCA GCC TTT CCC CAC CTG-3’

1 low ex3 FGF10

5´-GGG GAG GAA GTG AGC AGA GGT G-3

2 up ex5 Paip1

5´- CAG GAC GGA GTA TGA AGC TAA AGA CC-3’

2 low ex8 Paip1

5´-GAA GTT GCA TGG ACC CTA CCC CAG-3

120

List of primers used for PCR, RT-PCR and real time RT-PCR

Table 19: Primers for RT-PCR of genes found in chromosome 13 (muscle tissue)
Primer

Sequence

2 up ex8 Parp8

5´-CTC AGC TAG AAG CTG ATC TGT CTG C-3’

2 low ex13 Parp8

5´-GTC CTC CGC AGC AGC TTG TGT G-3

1 up ex1 Nnt

5´-CGG TGG TGG CTG GCT GTT CAT G-3’

1 low ex3 Nnt

5 -GAG AGC ATC ATA GCC CTG AGC TAT TG-3

Table 20: Primers for real time RT-PCR of Parp8 (muscle tissue and cerebellum, ex–8
and 9)
Primer

Sequence

Parp8 LC fwd

5´-GGG AAC TAC ACA AGC ACC CT-3’

Parp8 LC rev

5´-CCT CAT CCA GAA AGC TGA CA-3

Table 21: Primers used for genotyping
Primer

Sequence

up 8-9 kb 2005

5´-GTG GAT CGT ACA ACA CAC TCC ATA TTA TGG-3’

low 8-9 kb 2005

5´-GTC ATC CTG CCT TGG CAC ACA CTC-3

tg-up

5´-GGC CGC CCA TAC ACC GAC ATC GAG-3’

tg down

5´-TGG CAC CTT CCC GCA GAC CAC AGC-3

Table 22: Primers used for sequencing
Primer

Sequence

S1 forward primer

5´-GCT ATG ACT CAC CCG GAC GG-3’

S2 reverse primer

5´-CTT AAG AAT TCG TCC CAC GG-3
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Table 23: HCN primers used in real time RT PCR
Primer

Sequence

3seq_L1 HCN

5´-AAA CTG CAG GCT TCT GGA TT-3’

3seq_R1 HCN

5´-GGT GTT GTC GTC TGC TCT GT-3

Table 24: House keeping gene primers used in real time RT PCR (PBGD)
Primer

Sequence

Fwd PBGD LC

5´-GAC CTG GTT CAC TCC CT-3’

Rev PBGD LC

5´-TGG GTG AAA GAC AAC AGC AT-3

Table 25: House keeping gene primers used in RT PCR (PBGD)
Primer

Sequence

PBGD_PS1 115 fwd

5´-GAG TGG GCA CCC GTA AGA GC-3’

PBGD_PS2 163 rew

5´-CCA ATA GTA AAG CCA GGA GGT AGT-3

Table 26: Primers for quantitative real-time RT-PCR
Primer

Sequence

3seq_L1 HCN

5´-AAA CTG CAG GCT TCT GGA TT-3’

3seq_R1 HCN

5´-GGT GTT GTC GTC TGC TCT GT-3

Parp8 LC fwd

5´-GGG AAC TAC ACA AGC ACC CT-3’

Parp8 LC rev

5´-CCT CAT CCA GAA AGC TGA CA-3

Fwd PBGD LC

5´-GAC CTG GTT CAC TCC CT-3’

Rev PBGD LC

5´-TGG GTG AAA GAC AAC AGC AT-3
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Table 27: Protocol for quantitative real time RT-PCR
Step

Temperature

Duration

Observation

Denaturation

95°C

10 min

Initial DNA denaturation

Quantification

95°C

10 sec

45 cycles

64°C

4 sec

72°C

6 sec

Melting

65°C

15 sec

Cooling

40°C

30 min

Table 28: Protocol for master mix preparation in a PCR reaction
Reagent

Volume

dNTPs

3,0 µl

5x PCR-Buffer

6,0 µl

5’ Primer

1,5 µl

3’ Primer

1,5 µl

Taq polymerase

15,8 µl

Water

0,2 µl

DNA -Template

2,0 µl

Total volume

30,0 µl

Table 29: Primers used for genotyping
Primer

Sequence

up 8-9 kb 2005

5´-GTG GAT CGT ACA ACA CAC TCC ATA TTA TGG-3’

low 8-9 kb 2005

5´-GTC ATC CTG CCT TGG CAC ACA CTC-3

tg-up

5´-GGC CGC CCA TAC ACC GAC ATC GAG-3’

tg down

5´-TGG CAC CTT CCC GCA GAC CAC AGC-3
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Table 30: Protocol used for standard PCR
Step

Temperature

Duration

Observation

Denaturation

94°C

3 min

Initial DNA denaturation

Annealing

63°C

45 sec

35 cycles

Extension

72°C

85 sec

Denaturation

94°C

45 sec

Annealing

63°C

1 min

Extension

72°C

10 min

Cooling

8°C

No limit

Table 31: Primers used for sequencing
Primer

Sequence

S1 forward primer

5´-GCT ATG ACT CAC CCG GAC GG-3’ (annealing: 54°C)

S2 reverse primer

5´-CTT AAG AAT TCG TCC CAC GG-3’ (annealing: 48°C)

Table 32: Protocol used for sequencing reaction
Step

Temperature

Duration

Observation

Denaturation

95°C

5 min

Initial DNA denaturation

95°C

30 sec

30 cycles

54°C

10 sec

60°C

4 min

Annealing

Table 33: Primers used to obtain cDNA fragment containing exons 2-5 of HCN1 for
further cloning (both primers cover the restriction sites Bcl I and Bgl II)
Primer

Sequence

fwd ex2 BcII

5´-GAC AGC TCG GAA ATC ATC CTG GAC-3’

rev ex5-6 BgIII

5´-GTT GAC TAT TTC CTC TCT CAG AGG ATC-3’
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