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SUMMARY

Annelie Handreck

Cell-based therapy in epilepsy: Anticonvulsant efficacy and risk assessment of

grafting genetically engineered inhibitory cell lines and neuronal precursor cells

into the rat subthalamic nucleus

About 30% of patients suffering from epilepsy are considered pharmacoresistant, meaning

that seizures occur despite appropriate treatment with antiepileptic drugs. Neural

transplantation of inhibitory cells into brain regions involved in seizure generation or

propagation is one promising experimental approach to overcome this problem. Apart from

directly targeting the seizure focus, grafting appropriate cells into remote structures known

to be crucially involved in seizure modulation may be an advantageous strategy, especially

for pharmacoresistant patients with multiple epileptic foci or without clear focal onset, i.e.

for patients in which focus resection is not feasible. Clinical experience with deep brain

stimulation together with a recent microinjection study in rats indicated that the

subthalamic nucleus (STN), a key basal ganglia structure, might be a highly promising target

in this respect. However, until now the STN has not been targeted for neurotransplantations

in experimental epilepsy research.

In a first proof-of-principle study, we therefore grafted γ-aminobutyric acid (GABA)-

producing striatal rat cell lines into the STN of rats. Anticonvulsant efficacy was evaluated

using an acute seizure model, the intravenous pentylenetetrazole (PTZ) seizure threshold

test. Bilateral and unilateral transplantation of GABAergic cell lines into the STN caused clear

anticonvulsant effects. Grafting the GABAergic cells bilaterally outside the STN and

intrasubthalamic grafting of control cells, which do not produce GABA, did not induce

anticonvulsant effects, emphasizing the site- and cell-specifity of the observed

anticonvulsant effects. In line with previous transplantation studies targeting other basal

ganglia regions in experimental epilepsy and despite graft survival up to five weeks after

transplantation, the anticonvulsant effects were only transient.

For clinical translation, other cell sources such as porcine neuronal cells have to be

investigated preclinically to demonstrate safety and efficacy after grafting into the brain. For
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xenotransplantation studies, an immunosuppression is necessary to prevent graft rejections.

However, conflicting data from literature indicated that a treatment with the commonly

used immunosuppressive drug cyclosporine A (CsA) might itself act pro- or anticonvulsant in

different experimental seizure and epilepsy models. In a second study, we therefore

comprehensively investigated the effects of an acute and chronic immunosuppression with

different doses, application routes, and preparations of CsA on seizure thresholds in the PTZ

seizure threshold test in rats. We included investigations of CsA effects using the amygdala-

kindling model as a chronic epilepsy model. Independent of CsA treatment regimen, no

robust effects on seizure thresholds were observed, indicating that an immunosuppression

with CsA might be a safe and feasible option for use in neural transplantation experiments in

the two models. However, observed adverse effects included transient gastrointestinal

problems, a decrease in body temperature, and reduced locomotion.

An interesting alternative immunomodulatory approach is the neonatal induction of

tolerance towards the cells intended for later transplantation. In a third study, porcine

neuronal precursor cells (pNPCs) were therefore comparatively grafted into the STN of rats,

which received either a pharmacological immunosuppression with CsA, were neonatally

tolerance-induced, or were not immunomodulated at all. Bilateral grafting of pNPCs into the

STN was anticonvulsant in all animal groups, but only the induction of tolerance was able to

promote long-lasting anticonvulsant effects in response to grafting of pNPCs. Compared to

CsA treatment, the induction of tolerance did not cause any obvious adverse effects.

Nevertheless, the observed anticonvulsant effects were still transient. Our promising data on

neonatal induction of tolerance and the use of pNPCs for xenotransplantation studies in

epilepsy research merit further investigations.
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ZUSAMMENFASSUNG

Annelie Handreck

Zellbasierte Therapie bei Epilepsie: Antikonvulsive Wirksamkeit und Risikoabschät-

zung der Transplantation gentechnologisch modifizierter, inhibitorischer Zelllinien

und neuronaler Vorläuferzellen in den subthalamischen Nukleus von Ratten

Etwa 30% aller Epilepsiepatienten gelten als pharmakoresistent, d.h. Anfälle treten trotz

adäquater Behandlung mit Antiepileptika auf. Die Neurotransplantation inhibitorischer

Zellen in Gehirnregionen, die an der Entstehung und Ausbreitung von Anfällen beteiligt sind,

ist ein vielversprechender Ansatz zur Lösung dieses Problems. Abgesehen von einer direkten

Transplantation in den Anfallsfokus, stellt die Transplantation geeigneter Zellen in

entferntere Strukturen, die bei der Anfallsmodulation entscheidend beteiligt sind, möglicher-

weise eine vorteilhafte Strategie zur Behandlung von pharmakoresistenten Patienten mit

multiplen epileptischen Fokussen oder einem nicht klar definierbaren Fokus dar, also für

Patienten bei denen eine Fokusresektion nicht durchführbar ist. Klinische Erfahrungen mit

tiefer Hirnstimulation und eine kürzlich durchgeführte Mikroinjektionsstudie an Ratten

weisen darauf hin, dass der subthalamische Nucleus (STN), eine Schlüsselregion der

Basalganglien, in dieser Hinsicht eventuell ein vielversprechendes Ziel darstellt. Bisher wurde

der STN jedoch noch nicht als Zielregion für Neurotransplantationen in der experimentellen

Epilepsieforschung verwendet.

In einer ersten Machbarkeitsstudie haben wir daher γ-Aminobuttersäure (GABA)-

produzierende, striatale Rattenzelllinien in den STN von Ratten transplantiert. Die

antikonvulsive Wirksamkeit wurde mittels einem akuten Anfallsmodell bewertet, dem

intravenösen Pentylenetetrazol (PTZ)-Anfallsschwellentest. Bi- und unilaterale Transplan-

tationen von GABAergen Zelllinien in den STN bewirkten deutliche antikonvulsive Effekte.

Die bilaterale Transplantation der GABAergen Zellen außerhalb des STN, sowie die

intrasubthalamische Transplantation von Kontrollzellen, die kein GABA produzieren,

induzierte hingegen keine antikonvulsiven Effekte, wodurch die Orts- und Zellspezifität der

beobachteten Effekte betont wird. Vergleichbar zu früheren Transplantationsstudien in
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andere Basalganglienregionen, waren die antikonvulsiven Effekte nur transient, obwohl die

Zellen bis fünf Wochen nach der Transplantation überlebten.

Für eine klinische Translation müssen andere Zelltypen, wie etwa porzine neuronale Zellen,

präklinisch untersucht werden, um die Sicherheit und Wirksamkeit einer Transplantation ins

Gehirn zu zeigen. Bei Xenotransplantationsstudien ist eine Immunsuppression notwendig,

um Abstoßungsreaktionen zu verhindern. Widersprüchliche Literaturdaten weisen jedoch

darauf hin, dass sich eine Behandlung mit dem gebräuchlichen Immunsuppressivum

Cyclosporin A (CsA) eventuell selbst pro- oder antikonvulsiv auf unterschiedliche

experimentelle Anfalls- oder Epilepsiemodelle auswirkt. In einer zweiten Studie haben wir

daher die Effekte einer akuten und chronischen Immunsuppression mit verschiedenen

Dosierungen, Applikationswegen, und Formulierungen von CsA auf Anfallsschwellen im PTZ-

Anfallsschwellentest und zusätzlich im Amygdala-Kindling Modell, als chronisches

Epilepsiemodell in Ratten untersucht. Unabhängig vom CsA-Behandlungsprotokoll konnten

keine robusten Effekte auf die Anfallsschwellen beobachtet werden. Die Immunsuppression

mit CsA scheint daher eine sichere und praktikable Option für Neurotransplantationsstudien

in den beiden Modellen zu sein. Unerwünschte Arzneimittelwirkungen einschließlich

transienter gastrointestinaler Beschwerden sowie einer verringerten Körpertemperatur und

Lokomotion traten jedoch auf.

Ein interessanter alternativer Ansatz zur Immunmodulation ist daher die neonatale

Toleranzinduktion gegenüber den später zu transplantierenden Zellen. In einer dritten

Studie wurden daher porzine neuronale Vorläuferzellen (pNPCs) vergleichend in den STN

von Ratten transplantiert, die pharmakologisch mit CsA immunsupprimiert, neonatal

toleranzinduziert, oder nicht immunmoduliert wurden. Die bilaterale Transplantation von

pNPCs in den STN war in allen Gruppen antikonvulsiv wirksam. Allerdings führte nur die

Toleranzinduktion zu langanhaltenden antikonvulsiven Effekten nach Transplantation von

pNPCs. Im Vergleich zur CsA-Behandlung traten nach Toleranzinduktion keine offensicht-

lichen Nebenwirkungen auf. Die beobachteten antikonvulsiven Effekte waren jedoch auch

hier transient. Unsere vielversprechenden Daten zur neonatalen Toleranzinduktion und der

Verwendung von pNPCs für Neurotransplantationsstudien in der Epilepsieforschung

rechtfertigen weitere Untersuchungen.
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1 GENERAL INTRODUCTION

Epilepsies are among the most common neurological disorders of the central nervous

system and occur with a prevalence of 1-2% (Löscher and Schmidt, 2002). They are

characterized by repeated spontaneous seizures of central origin caused by an

overexcitability of neurons due to an imbalance between excitatory and inhibitory

neurotransmission in several brain regions (Scharfman, 2007). Additionally, epilepsies are

often accompanied by psychiatric comorbidities like depression and behavior modifications

(Kanner, 2009). About 30% of patients suffering from epilepsy are considered

pharmacoresistant, meaning that seizures occur despite appropriate treatment with

antiepileptic drugs. Furthermore, currently available antiepileptic drugs reduce the

symptoms instead of providing a cure (Schmidt and Löscher, 2005; Shorvon, 2009; Löscher

and Schmidt, 2011). Therefore, the investigation and development of alternative treatment

strategies for pharmacoresistant patients is a major challenge in epilepsy research.

Among others, neural transplantation into the basal ganglia, known to be involved in remote

modulation of seizures emanating from the limbic system, is a promising experimental

approach to treat pharmacoresistant epilepsies (Löscher et al., 2008; Al-Otaibi et al., 2011).

The aim is to permanently suppress epileptic seizures by grafting appropriate cells, which

express the inhibitory neurotransmitter γ-aminobutyric acid (GABA), into specific brain

regions to restore the balance between inhibitory and excitatory neurotransmission (Löscher

et al., 2008; Nolte et al., 2008; Thompson, 2009).

The basal ganglia are involved in propagation and modulation of seizures emanating from

the limbic system, rendering them promising targets for focal seizure manipulation (Gale et

al., 2008; Löscher et al., 2008). Previous studies showed that transplantation of fetal

GABAergic precursor cells (Löscher et al., 1998) and genetically engineered GABA-producing

cells (Thompson et al., 2000; Thompson and Suchomelova, 2004; Castillo et al., 2008; Nolte

et al., 2008; Gernert et al., 2011) into the substantia nigra pars reticulata (SNr), a basal

ganglia output structure, caused anticonvulsant, albeit transient, effects. A recent

pharmacological study of our group indicated that the subthalamic nucleus (STN), which

regulates the activity of the SNr by providing excitatory glutamatergic input, might be an

even more promising target region in this respect than the SNr (Bröer et al., 2012). Because
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functional neurosurgery of the STN is already clinically established (Benabid, 2007; Al-Otaibi

et al., 2011), a clinical translation of grafting approaches targeting the STN seems realistic.

Nevertheless, until now no studies investigated the efficacy of grafting GABAergic cells into

the STN in epilepsy models.

In a first proof-of-principle study, we therefore grafted different GABAergic cells and a non-

GABAergic control cell line bilaterally into the STN of rats. The anticonvulsant efficacy was

assessed using an acute seizure model. Depending on the grafted cell type (e.g.

xenotransplantation), an immunosuppression is necessary to prevent graft rejection (Larsson

and Widner, 2000; Wennberg et al., 2001; Kahan, 2009) and to promote long-term

anticonvulsant effects. However, conflicting data indicate that a treatment with the

commonly used immunosuppressive drug cyclosporine A (CsA) might itself act pro- or

anticonvulsant in different rat seizure and epilepsy models (Racusen et al., 1988; Moia et al.,

1994; Asanuma et al., 1995b; Setkowicz and Ciarach, 2007).

In a second study we therefore comprehensively investigated putative influences of an

immunosuppressive treatment with different doses, application routes, and preparations of

CsA on seizure thresholds in an acute seizure model and in a chronic epilepsy model in rats.

Acute and chronic CsA treatment regimens were considered. Additionally, behavioral tests

and physiological measures were conducted to detect putative adverse effects of CsA

treatment. Finally, whole blood CsA levels were analyzed.

In a final step, we investigated the influence of different immunomodulatory strategies on

graft-induced modulations of seizure thresholds in an acute seizure model and conducted

behavioral test to detect putative adverse effects. Therefore, we grafted porcine neuronal

precursor cells (pNPCs) into the STN of rats. To compare different immunomodulatory

strategies for preventing graft rejection, the cells were transplanted into rats that either

received a conventional pharmacological immunosuppression with CsA or in which tolerance

was induced neonatally (Kelly et al., 2009).

The aim of our studies was to investigate the anticonvulsant efficacy and related risks of

neural transplantation of genetically engineered GABAergic cell lines and pNPCs into the STN

using experimental seizure and epilepsy models. For safe xenotransplantations in epilepsy

research, we further aimed to find an immunosuppression protocol that does not influence

seizure susceptibility in rats and shows minimum adverse effects. Additionally, we wanted to
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compare a pharmacological immunosuppression with an induction of immunological

tolerance with regard to the potential of promoting graft survival and long-lasting

anticonvulsant effects.

1.1 Epilepsy

1.1.1 Definition and Significance

The word epilepsy originates from the Greek and means "to seize, possess, or afflict"

(Magiorkinis et al., 2010). According to the International League against Epilepsy (ILAE) and

the International Bureau for Epilepsy (IBE), epilepsy is defined as a brain disorder that is

characterized by a permanent predisposition for the development of epileptic seizures, often

accompanied by neurobiological, cognitive, and social consequences, as well as psychiatric

comorbidities like depression, psychoses, and behavioral modifications (Fisher et al., 2005;

Kanner, 2009). Epilepsies are characterized by repeated spontaneous seizures with central

origin caused by an overexcitability and synchronized activity of neuron populations. This

leads to an imbalance between excitatory and inhibitory neurotransmission in several brain

regions (Scharfman, 2007).

Epilepsies are among the most common neurological disorders of the central nervous

system (CNS) and emerge with a prevalence of 1-2% in humans and in animals, especially in

dogs and cats (Löscher and Schmidt, 2002; Chandler, 2006). Affected patients not only suffer

from a reduced quality of life, epilepsies can also cause substantial damage of the brain and,

if untreated, can lead to death (Löscher and Schmidt, 2002; Engel et al., 2003).

The causes of epilepsies are classified as genetic, structural-metabolic, and unknown (Berg et

al., 2010). Structural-metabolic epilepsies emerge from a disease or injury of the CNS,

meaning an initial insult such as infection, birth incident, neurodegeneration, status

epilepticus, brain trauma, stroke, or brain tumor. Furthermore, several types of seizures can

be differentiated. Focal (partial) seizures emanate from a discrete brain region in one

hemisphere and are characterized by spontaneous motor, sensory, and/or vegetative

symptoms. Consciousness can be impaired or unimpaired. Focal seizures often show a

secondary generalization, meaning that the epileptic activity propagates from the focus to

both hemispheres. In contrast, primary generalized seizures always have their origin in both
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hemispheres. In primary generalized seizures, myoclonic, clonic, tonic-clonic seizures, and

absences can occur (Fisher et al., 2005; Engel, 2006; Berg et al., 2010).

Temporal lobe epilepsy is the most common and difficult to treat type of epilepsy and is

characterized by partial seizures, often with secondary generalization. This type of epilepsy is

associated with neurodegeneration, erroneous release and function of neurotransmitters,

and structural and cellular changes in the hippocampus and other regions (Scharfman,

2007). The amygdala-kindling model and different post-status-epilepticus models are

commonly used as animal model for temporal lobe epilepsy (Löscher, 2002).

1.1.2 Pharmacoresistant Epilepsies and Alternative Treatment Strategies

Currently available antiepileptic drugs concentrate on reducing the symptoms by

suppressing seizures, but they do not provide a cure for epilepsies. Furthermore, the

systemic administration of antiepileptic drugs often induces substantial adverse effects

(Löscher and Schmidt, 2002). Finally, despite adequate treatment with antiepileptic drugs,

about 30% of patients suffer from intractable, pharmacoresistant epilepsy. In temporal lobe

epilepsy, the amount of pharmacoresistant patients is about 60-70% and thus even twice as

high (Schmidt and Löscher, 2005; French, 2007; Brodie, 2010; Alvarez-Dolado and Broccoli,

2011; Löscher and Schmidt, 2011). Pharmacoresistance means that, despite appropriate

treatment with two different antiepileptic drugs (in monotherapy or combination therapy),

patients do not become seizure free (Kwan et al., 2010). To achieve seizure freedom in those

patients, in some cases a surgical resection of the epileptic focus is feasible. Although the

patients still have to be treated to control the seizures, they now respond to antiepileptic

drugs (Wiebe et al., 2001). This indicates that specific brain areas are still organized in an

epileptic network despite the resection of the focus. Moreover, a focus resection is only

appropriate if the focus can be identified unambiguously and is not part of functional brain

tissue (Löscher and Schmidt, 2002; Duncan, 2011). Among other treatment strategies (e.g.

vagus nerve stimulation, deep brain stimulation, transcranial magnetic stimulation, and

ketogenic diet), the transplantation of appropriate neuronal cells into brain regions involved

in seizure modulation is a promising experimental approach to treat pharmacoresistant

epilepsies (Schachter et al., 1998; Raedt et al., 2007; Löscher et al., 2008; Boon et al., 2009;

Nitsche and Paulus, 2009; Al-Otaibi et al., 2011; Sebe and Baraban, 2011).
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1.2 Neurotransplantation in Epilepsy Research

For neurotransplantation in epilepsy research, cells are grafted into specific brain regions

with the aim to induce a long-lasting seizure suppression. In contrast to systemic

applications of antiepileptic drugs, localized neurotransplantation can be restricted to brain

regions involved in seizure modulation, thereby causing fewer adverse effects. The idea is

that grafted cells either functionally replace and repair damaged host brain tissue or restore

the balance between inhibitory and excitatory neurotransmission by producing specific

transmitters (Löscher et al., 1998; Gernert et al., 2002; Turner and Shetty, 2003; Raedt et al.,

2007; Shetty and Hattiangady, 2007; Castillo et al., 2008; Nolte et al., 2008; Thompson, 2009;

Waldau et al., 2010; Sebe and Baraban, 2011; Anderson and Baraban, 2012).

Beginning in the 1980s, the first experimental neural transplantation studies were conducted

in neurodegenerative diseases with selective loss of neurons such as in Parkinson’s disease.

Studies in animal models of Parkinson’s disease revealed promising results (Brundin et al.,

1985a; Brundin et al., 1985b; Brundin et al., 1986; Wictorin et al., 1992; Olsson et al., 1997;

Björklund and Lindvall, 2000; Armstrong et al., 2003) and thus let to numerous clinical

studies, albeit with inconsistent success (Kordower et al., 1995; Björklund and Lindvall, 2000;

Schumacher et al., 2000; Dunnett et al., 2001; During et al., 2001; Freeman et al., 2001;

Anderson and Caldwell, 2007; Olanow et al., 2009; Björklund and Kordower, 2013),

emphasizing the as yet rather experimental status of this treatment strategy.

In experimental epilepsy research, one obvious strategy for neural transplantation

approaches is to graft appropriate cells into the seizure focus (Turner and Shetty, 2003;

Raedt et al., 2007; Löscher et al., 2008; Hunt et al., 2013). Limbic regions, such as the

hippocampus of patients suffering from temporal lobe epilepsy, undergo massive structural

changes including neurodegeneration. Consequently, in the few epilepsy patients which

have been grafted with porcine inhibitory precursor cells as a first proof-of-principle clinical

trial, the seizure focus was targeted as an attempt to achieve brain repair (Schachter et al.,

1998).

In experimental epilepsy models, grafting of inhibitory cells into the seizure focus (Turner

and Shetty, 2003; Raedt et al., 2007; Hunt et al., 2013) or into regions close to the focus

(Gernert et al., 2002) have been intensely investigated. Especially precursor cells of the

medial or lateral ganglionic eminence (MGE and LGE, respectively) have been repeatedly
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used for transplantation. These regions belong to the ventral subpalladium of the

telencephalon and migrate during the brain development into the cortex, hippocampus,

basal ganglia regions, and bulbus olfactorius, where they form GABAergic projection neurons

and interneurons (de Carlos et al., 1996; Anderson et al., 1997; Tamamaki et al., 1997;

Anderson et al., 2001; Mandal et al., 2013). Cells of the MGE are the main source of cortical

GABAergic interneurons and show a high potential for migration even after grafting into the

adult brain. This may enable the cells to integrate into damaged brain regions and restore

their function (Wichterle et al., 2001; Anderson and Baraban, 2012). In different studies,

MGE precursor cells were transplanted into the hippocampus of mice and rats and yield a

high percentage of differentiation into GABAergic cells. These cells showed functional

integration and caused long-lasting anticonvulsant effects (Wichterle et al., 2001; Baraban et

al., 2009; Zipancic et al., 2010; Hattiangady and Shetty, 2011; Anderson and Baraban, 2012;

Hunt et al., 2013).

However, especially for patients with multiple epileptic foci or with unclear focal onset of

seizures, other strategies have to be investigated. Here, grafting appropriate cells into

remote brain structures involved in seizure propagation and modulation is an advantageous

strategy. In this respect, basal ganglia regions are highly promising, because they are

involved in seizure propagation, generalization, and modulation (DeLong and Wichmann,

2007; Gale et al., 2008; Löscher et al., 2008), and show plastic network changes in response

to repeated seizures (Gernert et al., 2004; Kücker et al., 2010; Töllner et al., 2011).

1.3 Role of Basal Ganglia in Seizure Modulation

Seizures emanating from the limbic system propagate and generalize via specific anatomic

paths, which also involve the basal ganglia. They are a group of subcortical nuclei that

physiologically convey mainly motor, but also cognitive and limbic functions (Bolam et al.,

2000; DeLong and Wichmann, 2007; Al-Otaibi et al., 2011). Basal ganglia regions are part of

the epileptic network and thus have been shown to be subject to plastic network changes

upon repeated seizure activity (Gernert et al., 2004; Nolte et al., 2006; Kücker et al., 2010).

Furthermore, they have been reported to be involved in mechanisms of pharmacoresistance

(Töllner et al., 2011). The basal ganglia include the substantia nigra (consisting of pars

compacta and pars reticulata), the striatum (consisting of the nucleus caudatus and
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putamen), the globus pallidus (rat; globus pallidus externus in humans), the entopeduncular

nucleus (rat; globus pallidus internus in humans), and the STN. The basal ganglia regions are

anatomically and functionally connected with each other and with the limbic system (Fig. 1).

Dysfunctions of the basal ganglia can lead to neuropsychiatric symptoms, cognitive changes,

and hypo- or hyperkinetic movement disorders. The most common symptoms can be seen in

Morbus Parkinson (tremor, bradykinesia, rigor, and bent body posture) and Chorea

Huntington (extensive, involuntary movements) (DeLong, 2000). Physiologically, the basal

ganglia have a gating function, meaning that they channel wanted movements and inhibit

involuntary activities.

The basal ganglia network consists of parallel loops, which go from the cortex over the basal

ganglia to the brain stem and the thalamus and from there back to the cortex. In temporal

lobe epilepsies, seizures emanate from a focus within the temporal lobe (usually the

hippocampus, the entorhinal cortex, or the amygdala). During secondary generalization (Fig.

1), seizure activity is transmitted from the focus via different routes to the basal ganglia, for

example over the cortex to the striatum, which is considered as the entry gate of the basal

ganglia network. The seizure propagation continues from the striatum to the SNr via a direct

or indirect path. The direct striato-nigral projection is monosynaptic and utilizes the

inhibitory neurotransmitter GABA. The activity of GABAergic striatal projection neurons

(medium-sized spiny neurons) therefore results in an increased concentration of GABA in the

SNr, which leads to an inhibition of nigral neurons (Hattori et al., 1973; Fonnum et al., 1978;

Bolam et al., 2000; Gale et al., 2008).

In contrast, the indirect striato-nigral path consists of three interconnections. The striatum

innervates the globus pallidus (externus) via GABAergic projection neurons (medium-sized

spiny neurons). From there, activity is transmitted again via GABAergic projections to the

STN. The projection neurons of the STN innervate the SNr and lead to an increased activity of

nigral neurons due to the release of the excitatory neurotransmitter glutamate. The STN is

additionally regulated by further efferences such as from the cortex and the

pedunculopontine nucleus (Alexander and Crutcher, 1990; Robledo and Feger, 1990; Bolam

et al., 2000; Shen and Johnson, 2006; DeLong and Wichmann, 2007; Deniau et al., 2007; Gale

et al., 2008).
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Together with the entopeduncular nucleus, the SNr serves as an output gate of the basal

ganglia. The SNr consists to 90% of GABAergic neurons and forwards information to different

regions including thalamus, rostral colliculus (colliculus superior in humans), and

pedunculopontine nucleus (Fonnum et al., 1978; Alexander and Crutcher, 1990; Bolam et al.,

2000; Gale et al., 2008). The SNr is one of the best-studied basal ganglia structures with

regard to its function in propagation and modulation of seizures. Moreover, it is a well-

investigated basal ganglia target for experimental, therapeutic manipulations in epilepsy

research (Iadarola and Gale, 1982; Garcia-Cairasco and Sabbatini, 1983; Le Gal La Salle et al.,

1983; McNamara et al., 1984; De Sarro et al., 1991; Moshé et al., 1992; Depaulis et al., 1994;

Gernert and Löscher, 2001; Gale et al., 2008; Löscher et al., 2008; Nolte et al., 2008;

Thompson, 2009; Bröer et al., 2012). Due to reciprocal connections of basal ganglia and

thalamus with the limbic system (Fig. 1), a direct modulation of seizure initiation in the

limbic system can be achieved (Löscher et al., 2008).

Fig. 1: Schematic illustration of focal (limbic) and secondary generalized seizure propagation pathways in temporal lobe
epilepsy. Emanating from the focus, which is located within the limbic system (light pink), seizures propagate via the cortex
(blue), the basal ganglia (yellow), and their downstream structures (green). Several transmitters including γ-aminobutyric
acid (GABA; red arrows) and glutamate (blue arrows) are involved in that epileptic network. Modified from Löscher et al.,
2008
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It is assumed that an increased inhibition of the SNr leads to a disinhibition of downstream

structures and thereby prevents the generalization of epileptic seizures and, via the

reciprocal connections with the limbic system, raises the threshold for seizure induction. This

can be achieved by a direct inhibition of the SNr or indirectly via reduction of excitatory

input from the STN. This principle of seizure reduction due to an increased direct inhibition

of the SNr (Iadarola and Gale, 1982; McNamara et al., 1984; Dybdal and Gale, 2000; Bröer et

al., 2012) or an indirect inhibition of the SNr by inhibiting the STN (Deransart et al., 1996;

Velísková et al., 1996; Deransart et al., 1998; Dybdal and Gale, 2000; Bröer et al., 2012) has

been repeatedly used in local pharmacological or electrical modulations of the epileptic

network. Even though this approach was also used for transplantation of inhibitory cells into

the SNr (Löscher et al., 1998; Castillo et al., 2008; Löscher et al., 2008; Nolte et al., 2008;

Thompson et al., 2009), the STN has not been targeted for neurotransplantation studies so

far (Fig. 3, Page 17).

1.4 Neurotransplantation into Basal Ganglia in Epilepsy Research

Although the basal ganglia have been repeatedly shown to be subject to seizure-induced

network changes (Gernert et al., 2004; Kücker et al., 2010; Töllner et al., 2011),

neurodegenerations are rather limited and strongly depend on the used animal model

(Freichel et al., 2004). The transplantation into rather intact brain regions is controversially

discussed. Cells grafted into the epileptic hippocampus shortly after the insult showed a

higher survival rate than cells transplanted into the hippocampus of healthy animals (Zaman

et al., 2001; Zaman and Shetty, 2002). However, as mentioned earlier, the basal ganglia are

part of the epileptic network and are thus involved in the propagation and generalization of

seizures, epilepsy-induced plastic network changes, and due to reciprocal connections to the

limbic system are also involved in the modulation of seizures emanating from the limbic

system (Iadarola and Gale, 1982; Gernert et al., 2004; Löscher et al., 2008; Cremer et al.,

2009). Additionally, neural transplantation into the basal ganglia has an unrivaled advantage.

Animal experiments proved that different types of seizures or epilepsies with various

localizations of the focus can be suppressed by using the basal ganglia as target region for

pharmacological manipulations (Iadarola and Gale, 1982; Garcia-Cairasco and Sabbatini,

1983; Le Gal La Salle et al., 1983; Albala et al., 1984; De Sarro et al., 1984; McNamara et al.,
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1984; Moshé and Albala, 1984; De Sarro et al., 1986; Sperber et al., 1987; De Sarro et al.,

1991; Moshé et al., 1992; Gernert and Löscher, 2001) and neurotransplantation (Löscher et

al., 1998; Thompson et al., 2000; Castillo et al., 2006; Castillo et al., 2008; Löscher et al.,

2008; Nolte et al., 2008; Thompson, 2009; Gernert et al., 2011). In the previously conducted

neurotransplantation studies, different cell types as well as different epilepsy and seizure

models were used. Cell types grafted in these studies were primarily fetal cells (Löscher et

al., 1998) or genetically engineered cells (Thompson et al., 2000; Castillo et al., 2008; Nolte

et al., 2008; Thompson, 2009), and the SNr served as target within the basal ganglia.

For neural transplantation studies into the basal ganglia in epilepsy research, mainly

GABAergic cells were used. The SNr has been of particular interest as target region for

transplantation of GABA-producing cells, because it has long been known that

pharmacological inhibition of the SNr leads to anticonvulsant effects in different animal

models of epilepsy (Iadarola and Gale, 1982; Le Gal La Salle et al., 1983; McNamara et al.,

1984; Sperber et al., 1987; De Sarro et al., 1991; Moshé et al., 1992; Depaulis et al., 1994;

Dybdal and Gale, 2000; Bröer et al., 2012). Furthermore, considering functional changes in

the GABAergic system, the SNr is involved in the development of the epileptic network

(Gernert et al., 2004; Töllner et al., 2011). This led to the transplantation of inhibitory GABA-

producing cells into the SNr and indeed, significant anticonvulsant effects were reported

(Löscher et al., 1998; Thompson et al., 2000; Thompson and Suchomelova, 2004; Castillo et

al., 2006; Castillo et al., 2008; Nolte et al., 2008).

Until now, the main problem of all neurotransplantation studies targeting the basal ganglia

in epilepsy models is that, independent of the transplanted cell type or utilized seizure or

epilepsy models, so far only transient anticonvulsant effects could be induced. To make this

strategy clinically applicable as an alternative treatment option for pharmacoresistant

patients, long-lasting anticonvulsant effects have to be proved.

1.4.1 Transplantation of Neuronal Precursor Cells into Basal Ganglia in Epilepsy Research

In 1990, Fine et al. were the first who reported a reduced susceptibility for the proconvulsive

substance pilocarpine in response to transplantation of fetal GABAergic precursor cells into

the SNr. However, this effect was unspecific because it was also observed after

transplantation of non-GABAergic cells. The duration of the anticonvulsant effects and the
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survival rate of the grafted cells were not determined (Fine et al., 1990). Later, Löscher et al.

(1998) proved that grafting fetal, striatal GABAergic cells, isolated from rat fetuses at day 14

of gestation increased afterdischarge thresholds and reduced the seizure severity in the

kindling model for temporal lobe epilepsy, when grafted into multiple sites of the SNr. These

effects were not detected after transplantation of non-GABAergic control cells or cell

medium, thus showing that the observed effects were specific for the GABAergic precursor

cells (Löscher et al., 1998).

In a few human epilepsy patients, porcine fetal inhibitory precursor cells were already used

in a proof-of-principle neurotransplantation study. Although promising anticonvulsant

effects were obtained after grafting into the seizure focus, further studies were not

conducted due to the risk for retroviral infections of the patients (Schachter et al., 1998). By

using cells from humanized, genetically engineered pigs, this concern, as well as the problem

of graft rejection after xenotransplantation, could eventually be resolved. Whether similar

anticonvulsant effects can also be observed after transplantation of porcine precursor cells

into basal ganglia, is part of the present study.

Apart from inhibitory precursors typically derived from the ganglionic eminence, cells

prepared from the whole mesencephalon may be promising candidate cells for grafting in

experimental epilepsy (Backofen-Wehrhahn et al., 2014). Ventral mesencephalic cells

develop a dopaminergic phenotype and are typically used for cell-replacement therapy in

Parkinson’s disease (Armstrong et al., 2003). Wegner and colleagues, however, proved that

cells isolated from the whole mesencephalon develop into GABAergic cells during in vitro

culturing (Wegner et al., 2008; Wegner et al., 2009). Therefore, cultured mesencephalic

precursor cells are a highly interesting cell type for grafting in epilepsy.

1.4.2 Transplantation of GABAergic Cell Lines into the Basal Ganglia in Epilepsy Research

Apart from fetal GABAergic precursor cells (Fine et al., 1990; Löscher et al., 1998),

immortalized GABA-producing cells have been used for transplantation into the SNr in

experimental epilepsy research. These cell lines were in part additionally genetically

engineered to overexpress the GABA-synthesizing enzyme glutamic acid decarboxylase

(GAD). In a first step, cortical mouse neurons engineered to express GAD were transplanted

in rat models for epilepsy (Thompson et al., 2000; Gernert et al., 2002). Since this was a



GENERAL INTRODUCTION

16

xenotransplantation from mouse into rat, immortalized inhibitory striatal rat cells (M213-

2O), in part additionally overexpressing human GAD (hGAD), were later used for

neurotransplantation in epilepsy research (Giordano et al., 1993; Conejero-Goldberg et al.,

2000; Ross et al., 2002; Castillo et al., 2006; Castillo et al., 2008; Nolte et al., 2008).

Castillo et al. (2006) were the first who reported anticonvulsant effects by grafting hGAD-

overexpressing cells into the SNr in kainic acid rat models for temporal lobe epilepsy. A study

of our group using the hGAD-overexpressing as well as the GABAergic parental cell line for

neurotransplantation into the SNr was the first to also prove an anticonvulsant efficacy of

the parental cell line in the amygdala-kindling model of temporal lobe epilepsy (Nolte et al.,

2008). The cells induced an increase of the generalized seizure threshold in kindled rats one

week after grafting. However, grafting of the hGAD-overexpressing cell line unexpectedly

resulted in inflammatory tissue reactions that were not described in previous studies. These

reactions were discussed to be most likely due to a combination of host-specific and model-

specific factors (Nolte et al., 2008).

1.4.3 The Subthalamic Nucleus as Target Region for Neurotransplantation

Apart from the SNr, the STN is a suitable target region for focal seizure modulation, as was

shown by several pharmacological studies (Feger and Robledo, 1991; Deransart et al., 1996;

Velísková et al., 1996; Deransart et al., 1998; Dybdal and Gale, 2000; Bröer et al., 2012). In

SNrSTN

CP

ZI

Fig. 2: Schematic illustration of a longitudinal section of the rat brain (2.62 mm lateral to bregma).The enlargement shows
the following structures: CP, cerebral peduncle; SNr, substantia nigra pars reticulata; STN, subthalamic nucleus; ZI, zona
incerta. Modified from Paxinos and Watson (2007).
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primates the STN is located ventromedially to the globus pallidus and belongs to the

subthalamus of the diencephalon. In the rat, the STN is located dorsal to the capsula interna

and the cerebral peduncle and anterior to the SNr (Heise and Mitrofanis, 2004). The STN

sends excitatory, glutamatergic input to the SNr. The pharmacological inhibition of the STN,

e.g. with muscimol or vigabatrin, has been reported to cause anticonvulsant effects. This

anticonvulsant effect is thought to be mediated by an indirect inhibition of the SNr due to

reduced excitatory subthalamo-nigral activity (Fig. 3) (Dybdal and Gale, 2000; Deniau et al.,

2007; Bröer et al., 2012).

Indeed, the focal microinjection of the GABAA-receptor agonist muscimol into the STN has

been shown to reduce the metabolic and electrophysiological activity of the SNr (Feger and

Robledo, 1991). Furthermore, microinjection of muscimol into the STN has been reported to

reduce the occurrence of acute seizures induced with flurothyl or bicuccullin (Velísková et

al., 1996; Dybdal and Gale, 2000) and spontaneous non-convulsant seizures in an animal

Fig. 3: Schematic illustration of mechanisms for focal manipulation of the network between subthalamic nucleus (STN)
and substantia nigra pars reticulata (SNr) to induce anticonvulsant effects. The direct inhibition of the SNr by injection of
GABAergic drugs or transplantation of GABAergic cells (left), or the indirect inhibition of the SNr by inhibiting the STN with
GABAergic drugs and thus reducing the glutamatergic input into the SNr (right), leads to a disinhibition of downstream
structures, which mediates anticonvulsant effects. GABA, γ-aminobutyric acid.
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model for absence epilepsy (Deransart et al., 1996). Recently, Bröer et al. (2012)

demonstrated clear anticonvulsant effects after microinjection of vigabatrin into the STN.

The anticonvulsant efficacy of vigabatrin is based on the increased amount of GABA due to

an irreversible inhibition of the GABA-degrading enzyme GABA-transaminase (Sabers and

Gram, 1992; Treiman, 2001). Moreover, a bilateral microinjection into the STN induced even

stronger anticonvulsant effects than microinjections into the SNr or systemic applications of

vigabatrin (Bröer et al., 2012). The results indicated that the STN may also be a more

promising target region for neural transplantation than the SNr.

Two further reasons are shedding a beneficial light on the use of the STN as a target for

neural transplantation in epilepsy research. First, the STN is already clinically established for

functional neurosurgery (Benabid, 2007; Al-Otaibi et al., 2011) and second, there is

experimental experience in grafting cells into the STN in animal models of Parkinson’s

disease (Freeman et al., 2001; Mukhida et al., 2001; Inden et al., 2005; Anderson and

Caldwell, 2007; Mukhida et al., 2008; Newman and Bakay, 2008). Nevertheless, until now

the STN was not used as target region for neurotransplantation in epilepsy research, which is

why I conducted a first proof-of-principle study during my thesis work.

1.5 Immunomodulation to Prevent Graft Rejection

For neurotransplantation as a treatment strategy for different neurological disorders

including epilepsies, a wide range of cell types are investigated. Apart from genetically

engineered cell lines, especially human and porcine progenitor cells are of interest

(Schachter et al., 1998; Shetty, 2011; Hovakimyan et al., 2012; Gernert, 2013). To make this

approach applicable for clinical use, the safety and efficacy of grafting different cell types

into appropriate brain regions has to be verified in experimental animal models.

Xenotransplants, e.g. human or pig derived cells into rodents, have a high risk of rejection

within 2-4 weeks by the host’s immune system (Brundin et al., 1985b; Brundin et al., 1988;

Ryba et al., 1995; Castilho et al., 2000; Larsson et al., 2000; Wennberg et al., 2001; Kahan,

2009). In order to prevent graft rejections and thereby enable sufficient cell survival and

integration into the host tissue, an immunological modulation of the host animals is

necessary.
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1.5.1 Pharmacological Immunosuppression

Cyclosporine A (CsA) is the commonly used immunosuppressive agent to prevent graft

rejections in xenotransplantation studies (Kahan, 1989, 2009; Jensen et al., 2012; Tedesco

and Haragsim, 2012; Skardelly et al., 2013). Only few studies indicated that CsA does not

affect the survival, integration, or function of human precursor cells grafted into the striatum

in an animal model of Parkinson’s disease because of the brains status as an immunologically

privileged organ (Schwarz et al., 2006). Most other studies, however, proved that CsA is

necessary to promote long-term survival and functional integration, although it is not

sufficient to completely suppress immune responses after grafting porcine precursor cells

(Brundin et al., 1985b; Honey and Shen, 1999; Larsson and Widner, 2000; Wennersten et al.,

2006).

The immunosuppressive activity of CsA is mediated by a reduction of the T-cell-mediated

immune response. CsA binds to the immunophilin cyclophilin A and thereby inhibits the

activation of the cytosolic phosphatase calcineurin. This inhibition of calcineurin prevents

the transcription of cytokines, such as interleukin-2, γ-interferon, and tumor necrosis factor-

α, and consequently also prevents the formation of activated T-lymphocytes (Barten et al.,

2007; Cook et al., 2009; Tedesco and Haragsim, 2012). Further mechanisms are discussed to

be responsible for the neuroprotective effect of CsA observed in patients treated with CsA

after traumatic brain injury. It is assumed that CsA reduces oxidative stress and the release

of the apoptosis-inducing factor. By inhibiting calcineurin, CsA also preserves the stability of

the cell structure after traumatic brain injuries (Cook et al., 2009; Osman et al., 2011).

Additionally to traumatic brain injury, neuroprotective effects of CsA were also observed in

stroke, ischemia, Huntington’s disease, and dyskinesia patients and rodent models (Uchino

et al., 1998; Ouary et al., 2000; Borlongan et al., 2002; Sinigaglia-Coimbra et al., 2002;

Signoretti et al., 2004; Osman et al., 2011). Furthermore, CsA may act neuroprotective by

maintaining the mitochondrial membrane potential due to preventing the opening of the

mitochondrial permeability transition (MPT) pore (as discussed by Santos and Schauwecker,

2003, and Jung et al., 2012).

The wide range of adverse effects caused by CsA is a major problem of the

immunosuppressive treatment. Besides the increased risk of viral, bacterial, and fungal

infections, common adverse effects are hypertension, diarrhea, and especially
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nephrotoxicity, which can be observed in 25-75% of patients treated with CsA (Cook et al.,

2009; Kahan, 2009; Osman et al., 2011; Tedesco and Haragsim, 2012). Furthermore, mild or

severe neurotoxic effects could be observed in up to 40% of patients, including tremor,

blindness, psychoses, hallucinations, and new onset of seizures (Gijtenbeek et al., 1999;

Serkova et al., 2004; Raza et al., 2007). The seizure activities during CsA treatment are often

linked to the posterior reversible encephalopathy syndrome, which is a poorly understood

clinical syndrome associated with confusion, headache, cortical blindness, visual and motor

abnormalities, and seizures (1.5-6% of patients) (Gijtenbeek et al., 1999; Bechstein, 2000;

Thompson et al., 2009). Additionally, patients with this syndrome show changes of the

white-matter in magnetic resonance imaging (Gijtenbeek et al., 1999; Magnasco et al.,

2008). In rodent models, epilepiform activities in the electroencephalography (EEG) and

seizures were also observed during CsA treatment (Racusen et al., 1988; Famiglio et al.,

1989).

For neurotransplantation studies in experimental epilepsy research, it is therefore necessary

to evaluate whether or not the immunosuppression itself influences seizure susceptibility in

the models used. Indeed, several studies reported either proconvulsant or anticonvulsant

effects by CsA in rodents. In these studies, a high diversity of methods was used, including

different seizure and epilepsy models, mice and rat strains, CsA dosages, and application

routes, which possibly explain the inconsistent results.

A treatment with CsA for instance increased the intensity of acute seizures induced with

bicuculline (Shuto et al., 1999; Fujisaki et al., 2002), pilocarpine (Setkowicz et al., 2004), and

pentylenetetrazole (Asanuma et al., 1995b). Furthermore, in electrically induced acute

seizures the threshold for seizure induction was lowered (Racusen et al., 1990) and the

incidence of seizures was elevated (Yamauchi et al., 2005), indicating a proconvulsant effect.

Also, epileptiform activities in the EEG of CsA-treated animals were observed (Racusen et al.,

1988; Famiglio et al., 1989). In contrast, anticonvulsant effects are also described. Jung et al.

(2012) observed a decrease in the number of seizures per day in CsA-treated mice in a

chronic epilepsy model. In acute seizure models, CsA treatment was shown to increase the

threshold of pentylenetetrazole-induced seizures and the latency time until the onset of the

seizures (Asanuma et al., 1995a; Homayoun et al., 2002). Furthermore, CsA treatment was

reported to reduce the intensity of pilocarpine-induced seizures and to elevate the survival
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rate of the treated animals (Setkowicz and Ciarach, 2007). Likewise, in vitro studies also

showed an increase (Wong and Yamada, 2000) or a decrease (Jung et al., 2012) of

epileptiform activity in brain slice recordings, which may depend on the used CsA dosage

(Gorji et al., 2002).

1.5.2 Induction of Immunological Tolerance

The principle of neonatal induction of tolerance as an alternative to a chronic

pharmacological immunosuppression has been known for a long time and has been

conducted with various tissue types (e.g. liver cells, bone marrow cells, spleen cells) for

different transplantation approaches (Billingham et al., 1953; Billingham and Brent, 1956;

Ando et al., 1991; West et al., 1994a, b; Ridge et al., 1996; Modigliani et al., 1997; Adkins et

al., 2004; Peiguo et al., 2012). Kelly and colleagues were the first to develop a strategy to

achieve long-term survival of neural tissue grafts based on the induction of tolerance during

the neonatal period towards the cells intended for later neurotransplantation (Kelly et al.,

2009). In that study, human and mouse primary brain tissue as well as neural precursor cells

were used for induction of tolerance and for later transplantation in rats. The survival rate of

cells xenografted into neonatally tolerance-induced rats was identical to survival in rats

receiving a traditional immunosuppression with CsA. For optimal survival of the xenografts,

the tolerance induction had to be done during postnatal day 0-5, otherwise the grafted cells

were completely rejected by the host (Kelly et al., 2009). These results could be confirmed

by another group using human embryonic mesenchymal stem cells (Zhang et al., 2013).

However, other studies reported a failure of this approach. The grafting of human glial-

restricted precursor cells or human embryonic cortical tissue in neonatally tolerance-induced

mice and the grafting of a human neural stem cell line in neonatally tolerance-induced rats

induced tissue reactions that were comparable to the reactions in non-immunomodulated

control rats (Janowski et al., 2012; Roberton et al., 2013). Furthermore, an immune-cell

infiltration into the transplantation site was detected (Janowski et al., 2012). These results

indicate that a neonatal induction of tolerance is not universally applicable and may depend

on the donor tissue used for tolerance-induction and subsequent grafting or on the host

species. Further studies should investigate which properties the donor cells need to have in

order to successfully induce immunological tolerance of the host species.
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1.6 Timed Intravenous Pentylenetetrazole Seizure Threshold Test and

Amygdala-Kindling Model

To evaluate putative effects of neurotransplantation and immunomodulation on seizure

thresholds, two different rat models were used. As an acute seizure model, the

pentylenetetrazole (PTZ) seizure threshold test was used in the studies presented here.

Pentylenetetrazole is a GABAA-receptor-antagonist, which binds to the picrotoxin binding

site of the α-subunit of the GABAA-receptor. Since the GABAA-receptor is a chloride ion

channel, PTZ prevents postsynaptic hyperpolarization and counteracts the GABAergic

inhibition. High dosages of PTZ induce seizures, whereas subconvulsive dosages lower the

seizure threshold (Cremer et al., 2009; Löscher, 2009).

For an experimental induction of an

acute, generalized seizure, PTZ is

administered intravenously using an

infusion pump system (Fig. 4). This leads

to the occurrence of different seizure

types (myoclonic twitches followed by

clonic and tonic seizures), which are

used as end-points in this model for

stopping the infusion. The individual

seizure threshold dose to trigger the

respective end-point can then be

determined for each animal.

As the effect of PTZ is mediated via the GABAA-receptor, this model is especially sensitive for

manipulations of the GABAergic system. Furthermore, this test is a fast screening model to

investigate putative anti- or proconvulsant effects of tested substances or GABA-producing

cells (Löscher, 2009).

As a chronic epilepsy model, we used the electrical amygdala-kindling model, in which

repeated (daily) stimulations of the amygdala cause seizures, which progressively increase in

severity and duration (Goddard et al., 1969). Fully kindled rats are then characterized by

permanent changes in brain function resulting in a chronically higher seizure susceptibility.

Fig. 4: Setup of the pentylenetetrazole (PTZ) seizure
threshold test. The PTZ solution is infused into a lateral
tail vein of an unrestricted animal until occurrence of the
first clonic seizure. PTZ thresholds (in mg/kg) are
calculated by using the concentration of the PTZ solution,
infusion rate, body weight of the animal, and time until
occurrence of the respective seizure. Löscher, 2009.
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In these fully kindled rats, seizure thresholds can be repeatedly determined to evaluate pro-

or anticonvulsant effects in response to cell grafting or pharmacological challenge.

1.7 Aim of the Studies

1.7.1 Study 1: Grafting GABAergic Cells into the Subthalamic Nucleus

Neural transplantation of inhibitory cells into the basal ganglia, known to be involved in

seizure modulation, is one promising experimental approach to overcome the problem of

pharmacoresistant epilepsies. In experimental epilepsy models, it could be repeatedly

shown that transplantations of genetically engineered GABA-producing cells or GABAergic

precursor cells into the SNr act anticonvulsant (Löscher et al., 2008; Al-Otaibi et al., 2011). A

recent pharmacological study of our group showed that the STN might even be a more

promising target region for focal seizure manipulations (Bröer et al., 2012). Nevertheless,

there have been no studies using the STN as target region for neurotransplantation in

epilepsy research. GABA-producing cell lines were now transplanted for the first time into

the STN in experimental research. The aim was to establish a first proof-of-principle study

evaluating putative anticonvulsant effects in response to grafting inhibitory cells into the

STN.

The working hypotheses were:

1. The transplantation of GABA-producing cell lines into the STN of rats causes

anticonvulsant effects in an acute seizure model.

2. Similar to the findings from a recent pharmacological study (Bröer et al., 2012), the

anticonvulsant effects are stronger and more long-lasting than previous results

obtained by a transplantation of the same cell lines into the SNr using a different

epilepsy model (Nolte et al., 2008).

3. The anticonvulsant effects are specific for inhibitory cells and for the STN as

transplantation site.

4. These cell lines grafted into the STN are not rejected and tumor formations can be

excluded.
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1.7.2 Study 2: Effects of Cyclosporine A on Seizure Thresholds

For clinical translation, human or porcine donor cells are more relevant than rodent cell lines

and have to be evaluated concerning anticonvulsant efficacy and safety in preclinical animal

models. For these xenotransplantation studies, graft rejection has to be prevented by

appropriate immunosuppression. In the second study, we thus evaluated the effect of a

pharmacological immunosuppression with CsA on acute and chronic seizure thresholds in

rats. Earlier studies showed inconsistent results in terms of anticonvulsant or proconvulsant

effects by CsA in various experimental epilepsy models and species (Famiglio et al., 1989;

Fujisaki et al., 2002; Homayoun et al., 2002; Setkowicz et al., 2004; Jung et al., 2012). The

aim was to identify a suitable immunosuppression protocol that can be used for

xenotransplantations without influencing the respective models and without having severe

adverse effects for the animals. Therefore, we comparably investigated different CsA doses,

application routes, preparations, and treatment durations.

The working hypotheses were:

1. It is possible to establish a CsA immunosuppression protocol that does not influence

seizure thresholds in the intravenous PTZ seizure threshold test and in the amygdala-

kindling model of epilepsy.

2. The ideal protocol should not affect behavior, locomotion, and physiological

measures of the treated rats.

1.7.3 Study 3: Porcine Cell Grafting and Induction of Tolerance

In the third study, mesencephalic pNPCs were used for transplantation into the STN of rats.

To prevent a rejection of the xenografts and to compare different immunomodulatory

strategies with respect to their abilities to promote survival and long-term anticonvulsant

effects of the grafts, rats either received a pharmacological immunosuppression with CsA or

were neonatally tolerance-induced for the later transplanted cells (Kelly et al., 2009). Rats

without immunomodulation served as controls. We wanted to evaluate, which

immunomodulation strategy is more suited for xenotransplantations into the STN. In other

words, we investigated which strategy better promotes the survival and putative

anticonvulsant effects of the porcine cells, and at the same time has less adverse effects.
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The working hypotheses were:

1. Transplantation of pNPCs into the STN of neonatally tolerance-induced rats induces

long-term anticonvulsant effects.

2. The transplantation into rats receiving a pharmacological immunosuppression also

induces anticonvulsant effects which, in contrast, are only transient and disappear

after discontinuation of CsA treatment.

3. Grafting of the porcine cells into rats that were not immunomodulated induces graft

rejection and, therefore, at the best causes only transient anticonvulsant effects.

4. In contrast to the pharmacological immunosuppression with CsA, the induction of

immunological tolerance has no adverse effects for the rats.
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Abstract

Neural transplantation of GABA-producing cells into key structures within seizure-

suppressing circuits holds promise for medication-resistant epilepsy patients not eligible for

resection of the epileptic focus. The substantia nigra pars reticulata (SNr), a basal ganglia

output structure, is well known to modulate different seizure types. A recent microinjection

study by our group indicated that the subthalamic nucleus (STN), which critically regulates

nigral activity, might be a more promising target for focal therapy in epilepsies than the

SNr. As a proof of principle, we therefore assessed the anticonvulsant efficacy of bilateral

and unilateral allografting of GABA-producing cell lines into the STN using the timed

intravenous pentylenetetrazole seizure threshold test, which allows repeated seizure

threshold determinations in individual rats. We observed (a) that grafted cells survived up to

the end of the experiments, (b) that anticonvulsant effects can be induced by bilateral

transplantation into the STN using immortalized GABAergic cells derived from the rat

embryonic striatum and cells additionally transfected to obtain higher GABA synthesis than

the parent cell line, and (c) that anticonvulsant effects were observed even after unilateral

transplantation into the STN. Neither grafting of control cells nor transplantation outside the

STN induced anticonvulsant effects, emphasizing the site and cell specificity of the observed

anticonvulsant effects. To our knowledge, the present study is the first showing

anticonvulsant effects by grafting of GABA-producing cells into the STN. The STN can be

considered a highly promising target region for modulation of seizure circuits and, moreover,

has the advantage of being clinically established for functional neurosurgery.
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3.1 Abstract

Neuronal transplantation is a promising experimental treatment approach for intractable

epilepsies, but rejection of porcine or human cells in rodent epilepsy models requires

adequate immunosuppression to enable long-term survival of xenografts. The commonly

used immunosuppressive drug cyclosporine A (CsA) itself was suggested to affect seizure

thresholds. However, putative pro- or anticonvulsant effects of CsA have not yet been

sufficiently explored in a direct comparison study involving different preparations, dosages,

and application routes. We therefore comprehensively investigated the effects of acute

versus chronic treatment using different dosages (5 mg/kg, 10 mg/kg), application routes

(i.p., s.c.), and preparations of CsA (pure substance solved in polyethoxylated castor oil and a

ready-to-use drug additionally containing ethanol) on seizure thresholds in rats in the

pentylenetetrazole seizure threshold test and the amygdala-kindling model for temporal

lobe epilepsy. None of the CsA treatment regimens induced acute changes of seizure

thresholds. Chronic CsA treatment also did not robustly change seizure thresholds. The

absorption of i.p. applied CsA in the ready-to-use preparation significantly exceeded the

absorption from s.c. injection and from the pure CsA preparation as evaluated by whole

blood analyses. Observed adverse effects differed between CsA treatment regimens and

included reversible diarrhea, lowered body temperature, and tremor, the latter two of which

were also induced by vehicle injections containing ethanol and/or polyethoxylated castor oil.

Our data suggest that chronic treatment (2 weeks) with 10 mg/kg CsA injected i.p. in the

ready-to-use preparation is an appropriate protocol for use in neural transplantation in

epilepsy research applying the presently used rat models. Transplantation studies in

experimental epilepsy research require a careful assessment of putative CsA effects on

seizure thresholds in the specific experimental settings to be used.

Key words: Epilepsy, kindling, pentylenetetrazole, immunosuppression, transplantation, xenograft

3.2 Introduction

Neural transplantation is a promising treatment strategy for intractable epilepsies and other

neurological disorders. Cells from different sources, especially human or porcine donor cells,

have been used in preclinical transplantation studies to replace damaged or lost brain cells
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or to compensate for imbalances in excitation and inhibition (Schachter et al., 1998, Brevig

et al., 2000). Before clinical translation, the cells must first be tested preclinically in rodent

models to demonstrate and refine safety and efficacy after grafting into appropriate brain

targets. Although the brain is characterized by partial immune privilege, xenogeneic cells

grafted into the brain are typically rejected and thus an immunosuppression is required to

permit graft survival (Brundin et al., 1985, Brundin et al., 1989, Pakzaban and Isacson, 1994,

Honey and Shen, 1999, Wennberg et al., 2001, Borlongan and Sanberg, 2002, Irons et al.,

2004, Wennersten et al., 2006, Rota Nodari et al., 2010, Jensen et al., 2012).

Cyclosporine A (CsA), a potent immunosuppressive agent (Borel, 1980, Kahan, 1989, Borel

and Kis, 1991, Kahan, 2009), is commonly used alone or in combination with other drugs to

prevent xenograft rejections in experimental transplantation studies in rodents. It is of

pivotal importance, that the used CsA treatment routine does not affect seizure parameters

itself, which are to be investigated to demonstrate efficacy and safety of cell transplantation

in experimental epilepsy studies.

However, apart from its known mechanisms of action to lower T cell-mediated immune

responses (Hess and Colombani, 1986, Drugge and Handschumacher, 1988, Santori et al.,

1997), CsA appears to paradoxically mediate both neuroprotection (Sullivan et al., 2000,

Santos and Schauwecker, 2003, Cook et al., 2009, Osman et al., 2011, Uchino et al., 2013,

Yokobori et al., 2013) and neurotoxicity (Hauben, 1996, Gijtenbeek et al., 1999, Bechstein,

2000, Serkova et al., 2004) across the same range of drug concentration. Neurotoxic adverse

effects may present as new onset seizures caused by acute encephalopathy. The occurrence

of seizures, which occasionally even persist after CsA discontinuation, has been described

upon chronic treatment with CsA in humans (Gleeson et al., 1998, Trullemans et al., 2001,

Faraci et al., 2002, Faraci et al., 2003, Gaggero et al., 2006, Navarro et al., 2010) as well as

rodents (Racusen et al., 1988, Famiglio et al., 1989).

Both the neurotoxic and the neuroprotective properties thus suggest an impact of CsA on

seizure susceptibility, albeit with different directions. Indeed, contrary results are available

from in vivo investigations in rodents regarding the modulation of seizure susceptibility by

CsA. Some studies revealed proconvulsant effects (Racusen et al., 1988, Famiglio et al., 1989,

Racusen et al., 1990, Asanuma et al., 1995b, Shuto et al., 1999, Fujisaki et al., 2002,

Setkowicz et al., 2004, Yamauchi et al., 2005), while others showed anticonvulsant effects by
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CsA treatment (Moia et al., 1994, Asanuma et al., 1995a, Homayoun et al., 2002, Setkowicz

and Ciarach, 2007, Jung et al., 2012). Similarly, several in vitro studies also revealed either an

initiation or increase (Wong and Yamada, 2000, Gorji et al., 2002) or a decrease (Jung et al.,

2012) of epileptiform activity in brain slice recordings in response to CsA. In general, the

contrary results are probably related to the distinct diversity in experimental settings of

these studies, but a direct comparison is hampered by the fact that different seizure or

epilepsy models, CsA preparations, acute or chronic CsA treatment regimens, dosages,

application routes, vehicles, and different rat or mouse strains were used. Furthermore, in

none of these studies were CsA whole blood levels investigated to verify correct drug

injections.

Therefore, we now performed a comprehensive study of acute and chronic treatments with

different preparations, doses, and administration routes of CsA on different experimentally

induced seizure thresholds to allow a direct comparison of the different treatment regimens.

We sought to identify a treatment strategy that may be amenable for future xenograft

studies in rat models of epilepsy. To assess further factors, which may affect seizure

parameters by CsA treatment, we determined whole blood levels of the immunosuppressant

and included the investigation of CsA-induced changes of behavior and physiological

measures.

3.3 Experimental Procedures

The effects of CsA on seizure thresholds were investigated using two different rat models:

(A) The timed intravenous pentylenetetrazole (PTZ, metrazole) seizure threshold test

(Löscher, 2009), which is an acute seizure model, and (B) the electrical amygdala-kindling

model (Goddard et al., 1969), which is considered a chronic epilepsy model. Overviews of

the respective study design and sample sizes are given in Fig. 1 and 2.

3.3.1 Animals

To allow comparison with our previous data, adult female Wistar rats (Harlan-Laboratories,

Horst, Netherlands) were purchased at a body weight of 200–220 g. Rats used for the PTZ

study were housed in groups of three to five, rats used for the kindling study were housed

individually after surgical implantation of the kindling electrode. All rats were housed
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without males in order to keep them acyclic or asynchronous with respect to their estrous

cycle (Kücker et al., 2010). All rats were kept under controlled environmental conditions with

a 12-h light/dark cycle (lights on at 6:00 a.m.) for at least one week before onset of

experiments. Standard laboratory chow (Altromin 1324 standard diet) and tap water were

allowed ad libitum. All animal experiments were carried out in accordance with the

European Communities Council Directive of November 24, 1986 (86/609/EEC), and were

formally approved by the animal subjects review board of our institution. All efforts were

made to minimize the number of animals used and their suffering.

3.3.2 Timed Intravenous PTZ Seizure Threshold Test

To determine acute seizure thresholds before, at different times during, and after CsA or

vehicle treatment, altogether 97 rats (Fig. 2A) underwent the timed intravenous PTZ seizure

threshold test as described in detail previously (Löscher, 2009, Rattka et al., 2011, Bröer et

al., 2012). Briefly, a 0.8% solution of PTZ (Caesar & Loretz, Hilden, Germany) in saline was

infused via a 24-gauge needle (Terumo® Europe n.V., Leuven, Belgium) into the lateral tail

vein of the conscious, unrestricted rat. The needle was secured to the tail vein by a piece of

adhesive tape and was connected to a syringe by a flexible polyethylene tubing (Kleinfeld

Labortechnik, Gehrden, Germany). The PTZ solution was infused using an infusion pump

(PHD 2000 Infusion, Harvard Apparatus, Holliston, MA, USA). The infusion was terminated

immediately following the onset of the first clonic seizure. The PTZ seizure threshold was

calculated in mg PTZ per kg body weight based on the time needed to induce this clonus, the

body weight of the animal, the rate of PTZ infusion (1.0 ml/min), and the PTZ concentration.

Additionally, we calculated the threshold for the first myoclonic twitch, which always

preceded the clonic seizure. All seizures or other abnormal behaviors occurring after this

endpoint were noted. For this purpose, rats were closely observed until they resumed

normal behavior, which typically was about 1–2 h after PTZ infusion. The intravenous PTZ

test can be repeatedly performed in the same rat at intervals of about 48 h, allowing the

study of changes in threshold over time (Löscher, 2009). To prevent a kindling effect, in the

present study the number of PTZ seizure threshold determinations was limited to a

maximum of five in each rat, with intervals of at least one week between testing. Not all

time points were assessed in each rat.
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3.3.3 Implantation of Kindling Electrode and Kindling

To determine chronic (kindled) seizure thresholds before, at different times during, and after

CsA or vehicle treatment, 15 rats underwent electrical kindling via the amygdala followed by

seizure threshold determination in fully kindled rats as described earlier (Gernert and

Löscher, 2001, Töllner et al., 2011). For implantation of the kindling electrode, rats were

anesthetized with isoflurane (CP-Pharma, Burgdorf, Germany; induction 3%, maintenance

1.5%) via an inhalation mask adjusted to a stereotaxic frame (David Kopf Instruments,

Tujunga, CA, USA). In addition, the scalp (2% tetracaine hydrochloride, Caesar & Loretz) and

the periost (0.25% bupivacaine hydrochloride; Carbostesin®, AstraZeneca, Wedel, Germany)

were locally anesthetized. A teflon-insulated bipolar stainless steel electrode was

stereotaxically implanted for stimulation of the right basolateral amygdala and recording of

electrographic seizure activity (afterdischarges). The stereotaxic coordinates in millimeters

relative to bregma according to the atlas of Paxinos and Watson (2007) were: posterior 2.2

mm, right 4.8 mm, ventral 8.5 mm. The incisor bar was set at −3.3 mm. A stainless steel

screw, placed above the left parietal cortex, served as the grounding electrode. Bipolar and

ground electrodes were connected to plugs. Additional skull screws and dental acrylic

cement were used to anchor the headset. Two days before and until five days after surgery,

rats were treated twice daily with the antibiotic marbofloxacin (3 mg/kg s.c.; Marbocyl® FD,

WDT, Garbsen, Germany).

After a post-surgical recovery of at least two weeks, rats were kindled once daily with a

constant current stimulation (500 μA, 1 msec monophasic square-wave pulses at 50 Hz, 1 sec

train) until at least 10 generalized kindled seizures classified as stage five (see below)

according to Racine (1972) were elicited (fully kindled rats). One day before and at the

earliest 3 days after kindling, the initial (pre-kindling) and the first post-kindling stimulation

threshold for eliciting afterdischarges in the electroencephalogram (ADT, afterdischarge

threshold) were determined for each animal using an ascending stair step procedure as

described previously (Gernert and Löscher, 2001). Therefore, rats were stimulated starting

from a current intensity of 30 µA (other parameters as during kindling), followed by

increases in current intensity by about 20% of the previous current at intervals of 1 min until

afterdischarges of at least 3 sec duration were elicited. Further post-kindling ADTs were

determined twice a week, again using the ascending stair step procedure, but starting from a
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current intensity of three 20% steps below the respective preceding ADT, until rats exhibited

reproducible ADTs. In addition to the ADTs, the thresholds for eliciting secondarily

generalized motor seizures (GST, generalized seizure threshold; stage 4 or 5 seizures

according to Racine (1972) were determined for each kindled rat. Usually, fully kindled rats

show generalized seizures at the ADT, so that the ADT equals the GST. Otherwise, the

current was further elevated up to the GST. Apart from the seizure thresholds themselves,

further parameters were recorded during kindling and during ADT and GST determination:

seizure severity (SS), seizure duration (SD), and afterdischarge duration (ADD). During GST

determination, the latency period from stimulation until occurrence of secondarily

generalized motor seizure (LP) was additionally determined. SS was classified behaviorally

according to Racine (1972): stage 1, immobility, slight facial clonus (eye closure, twitching of

vibrissae, sniffing); stage 2, head nodding associated with more severe facial clonus; stage 3,

clonus of one forelimb; stage 4, rearing, often accompanied by bilateral forelimb clonus;

stage 5, tonic-clonic seizure accompanied by loss of balance and falling. SD was the time

from beginning of electrical stimulation until the end of motor seizures. ADD was the total

duration of EEG spikes with amplitudes of at least twice the amplitude of the prestimulus

recording and a frequency of at least 1/s, including the time of stimulation.

3.3.4 CsA Treatment Regimens

For an overview of the detailed group design and the sample sizes see Figs. 1 and 2. Two

different CsA preparations were used in the present study and compared regarding their

putative effects on seizure thresholds and behavior: The pure substance CsA (Sigma-Aldrich,

pCsA) and a dilution of the injection solution of the ready-to-use drug Sandimmune® (50

mg/ml, Novartis Pharmaceuticals). Additionally, the influence of different application routes,

intraperitoneally (i.p.; Injection volume, 3 ml/kg) and subcutaneously (s.c.; Injection volume,

1 ml/kg), and two dosages known to be sufficiently immunosuppressant for intracerebral

xenograftings in rats, 5 mg/kg and 10 mg/kg (e.g., Duan et al., 1996, Larsson et al., 2001,

Jensen et al., 2012), were comparably investigated. The pure substance pCsA was solved in

20% Cremophor® EL (polyethoxylated castor oil) in saline to increase solubility of CsA (Ran et

al., 2001). The ready-to-use drug Sandimmune® was diluted in saline and contained in the

final concentrations not only Cremophor® EL (5 mg/kg i.p., 2.17%; 5 mg/kg s.c., 6.5%; 10



STUDY 2: EFFECTS OF CYCLOSPORINE A ON SEIZURE THRESHOLDS

36

mg/kg i.p., 4.33%; 10 mg/kg s.c., 13%) but also ethanol (5 mg/kg i.p., 1.15%; 5 mg/kg s.c.,

3.44%; 10 mg/kg i.p., 2,29%; 10 mg/kg s.c., 6.88%). The absolute amount of i.p. and s.c.

applied Cremophor® EL and ethanol is identical within each Sandimmune® dosage, because

different injection volumes have been used for i.p. and s.c. applications. Animals receiving

the vehicle of pCsA or Sandimmune® (of the 10 mg/kg preparations) and naïve rats served as

controls.

Figure 1: Time line illustrating the sequence of procedures during the present study to evaluate the effects of cyclosporine
A (CsA) on seizure thresholds in (A) the pentylenetetrazole (PTZ) seizure threshold test and (B) the kindling model,
respectively. Animals were treated over a period of 15 days with different CsA preparations or respective vehicles and via
different application routes. Seizure thresholds were repeatedly determined at several time points before, during, and after
CsA treatment. ADT, afterdischarge threshold; i.p., intraperitoneally; pCsA, pure substance CsA; post, post-treatment; s.c.,
subcutaneously; wk, week.
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3.3.5 CsA Treatment in the PTZ Model

The pre-drug control PTZ seizure threshold was determined one week before starting CsA

treatment. Subsequently, rats were randomly assigned to the different treatment groups

(Fig. 2A). PTZ seizure thresholds were then determined after the first injection of CsA or

vehicle (acute), after one and two weeks of treatment (1 and 2 weeks), and one week after

discontinuation of the treatment (1 week post) (Fig. 1A). PTZ seizure thresholds were always

determined two hours after injecting vehicle or CsA, i.e. at around peak blood levels of CsA

in rats after i.p. application (Luke et al., 1990, Ibarra et al., 1996) (Fig. 2A). This time point

Figure 2: Overview of treatment groups investigated in the pentylenetetrazole (PTZ) seizure threshold test and the kindling
model. Rats received pure substance cyclosporine A (pCsA) or the ready-to-use drug Sandimmune® (Novartis)
intraperitoneally (i.p.) or subcutaneously (s.c.) in the dosages 5 mg/kg or 10 mg/kg. Vehicle-treated and naïve rats served as
controls. Sample sizes (n) of each group are shown in brackets.
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was immediately after behavioral testing and physiological measurements (described

below). Seizure threshold determination was performed at the same time of the day

(between 9:00 and 12:00 a.m.) to avoid intraday variances. The experimenter was blinded

with respect to the treatment regimen.

3.3.6 CsA Treatment in the Kindling Model

In the chronic kindling model, only the Sandimmune® preparation of CsA in a dose of 10

mg/kg i.p. was used to confirm observations made in the acute PTZ model. Vehicle-treated

kindled rats served as controls. The investigation was designed as a cross-over study (Fig.

1B). After reproducible ADTs were obtained in fully kindled rats, two pre-drug control ADTs

and further kindled seizure parameters (as described above) were determined (day -7 and -

4). Rats were then treated with either 10 mg/kg CsA in the Sandimmune® preparation or

with vehicle via daily i.p. injection (day 1 to day 15), followed by an one week wash-out

period and another week to again determine the individual pre-drug control ADTs and

further kindled seizure parameters. Subsequently, treatment groups were changed (Fig. 1B).

During the entire study period, ADTs and further kindled seizure parameters were constantly

determined twice a week, starting from a current intensity three 20% steps below the

individual control ADT. ADTs and further kindled seizure parameters were determined 2 hrs

after drug or vehicle injection. For calculation of the effect of CsA on kindled seizure

parameters, the individual mean of two pre-drug control ADTs (and further kindled seizure

parameters) was set to 100% and compared with the respective values during treatment and

wash-out. Rats without reproducible pre-drug ADTs and rats, which lost their headset before

at least one treatment period was terminated, were excluded from final analysis, so that the

initial group size of 15 was reduced to 7 (drug) and 6 (vehicle) during the course of the

kindling study (Fig. 2B).

3.3.7 Blood Sampling and Whole Blood Drug Analysis

CsA analysis was performed on whole blood samples, which were taken from rats of the PTZ

study. Following determination of PTZ seizure thresholds and 2.5 hrs after injection of the

respective CsA preparation, blood samples were withdrawn by retrobulbar venous plexus

puncture after local anesthesia with tetracaine hydrochloride (2%) for drug analysis in whole
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blood. Blood samples were anticoagulated with EDTA (5 mmol/ml whole blood), centrifuged

for 2.5 min at 12,000 rpm, and stored at −80°C un l analysis. CsA concentra ons were

measured in the lab of Dr. Grote-Koska (Institute for Clinical Chemistry, Hannover Medical

School, Germany) using liquid chromatography coupled with mass spectrometry (LC-

MS/MS). Following injection of the different preparations, whole blood CsA levels were

typically higher than the immunosuppressant concentration of 200 ng/ml in rats (Lai et al.,

1987, Zijlstra et al., 2009). Seizure thresholds and physiological as well as behavioral data

from time points at which whole blood CsA level was below 200 ng/ml were excluded from

final analyses.

3.3.8 Behavioral Testing Battery and Physiological Measures

To evaluate adverse effects of the different CsA treatment regimens, a set of behavioral

tests and physiological measures were carried out on rats of the PTZ study. Tests were

performed always immediately before PTZ seizure thresholds were determined and

additionally up to two weeks after discontinuation of the treatment to detect putative long-

term adverse effects (Fig. 1).

Starting 1 ¾ hrs after CsA injection, rats were placed individually in the center of a round,

black-colored open field (80 cm diameter, 25 cm height, 0.4 cm wall thickness) made of

polyethylene. Rats were observed for two minutes without disturbance, before the following

behaviors were rated using a score adapted from Hönack and Löscher (1995):

Hypolocomotion (0, not observable; 1, tendency towards decreased locomotion; 2, clearly

decreased locomotion with many breaks; 3, no forward movement), hyperlocomotion (0,

not observable; 1, tendency towards increased locomotion; 2, clearly increased locomotion;

3, highly increased locomotion and hectic movements without any breaks), ataxia (0, not

observable; 1, slight ataxia with weak stagger; 2, clear ataxia with loss of balance during

forward movement; 3, permanent loss of righting reflex despite the attempt to move

forward), and tremor, head swaying, circling, stereotyped sniffing, straub tail, piloerection,

retracted flanks, and flat body posture (0, not observable; 1, suspicious; 2, observable; 3

intense).

Subsequently, the hyperexcitability test (Moser et al., 1988) was carried out to detect group

differences in behavioral excitability and sensory responsiveness that may influence seizure
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thresholds. In the approach-response test, a pen held vertically is moved slowly towards the

nose of the rat. The response was scored as 1, no reaction; 2, sniffing at the pen; 3, moving

away from the pen; 4, freezing; 5, jumping away from the pen; 6, attacking the pen. In the

touch-response test, the rat is gently touched at the rump with the blunt end of a pen

(response score: 1, no reaction; 2, turning slowly towards the pen; 3, moving away from the

pen; 4, freezing; 5, jerking around towards the touch; 6, turning away from the touch; 7,

bouncing with or without vocalization). In the finger snap test, a standardized click noise is

triggered above the back of the rat (response score: 1, no reaction; 2, normal reaction

(moderate bouncing, freezing, flinching, or ear flicking); 3, intense bouncing). In the pick-up

test, the rat is picked up by grasping around the body (response score: 1, very easy; 2, easy

with vocalization; 3, rearing and turning towards the hand; 4, avoiding the hand and trying

to escape; 5, intense bouncing; 6, attacking the hand). Finally, the abdominal muscle tone

was tested by palpating the abdomen of the rat (0, decreased; 1, normal; 2, increased).

As physiological measures, the number of solid feces boli was counted, the consistency of

the feces was rated (0, solid; 1, soft; 2, diarrhea), the rectal body temperature was

measured, and the body weight was determined. Behavioral tests and physiological

measures were done in a blinded manner with respect to the treatment of the animals and

were done at the same time of the day (between 9:00 and 12:00 a.m.) to avoid intraday

variance between animals.

3.3.9 Histological Verification of Kindling Site

After termination of kindling experiments, all kindled rats were deeply anesthetized with

chloral hydrate and transcardially perfused with 0.9% saline in 0.01 M phosphate buffer

(PBS, pH 7.6), followed by 4% paraformaldehyde in 0.1 M PBS (pH 7.6). The brains were

removed, cryoprotected in 30% sucrose in 0.1 M PBS (pH 7.6) and stored at 4 °C. Coronal

sections were cut at 40 μm on a freezing microtome. Every second section was Nissl-stained

with thionine for verification of stimulation site. Only rats with correct placement of the

kindling electrode were included into evaluation of kindling data.
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3.3.10 Statistics

Statistical analyses of data were performed depending on whether data were parametric or

non-parametric. As verified with the Kolmogorov-Smirnov and the D’Agostino and Pearson

tests, parametric data of whole blood CsA levels, relative body temperature, body weight

gain, PTZ seizure thresholds, and kindling parameters (except seizure severity) were

normally distributed. These data were analyzed using two-way analysis of variance (ANOVA)

followed by Bonferroni posthoc test to detect putative intergroup differences at each time

point and to detect differences between the time points within each treatment group (time

points were compared to pre-drug control). Because of missing data at single time points,

we did not use paired tests or repeated measurement analyses for time series comparisons.

For non-parametric data of behavioral and physiological scores as well as kindled seizure

severity, the time series were analyzed using Kruskal–Wallis ANOVA or Friedman test,

depending on whether the data sets contained missing values or not. Dunn´s multiple

comparisons served as posthoc test for time series analyses. To detect intergroup

differences in seizure severity in the kindling model, the Mann–Whitney U-test was used. To

verify that the pre-drug control values of body temperature, body weight, PTZ seizure

thresholds did not differ between the randomly assigned treatment groups, one-way ANOVA

followed by Dunnett’s test for multiple comparisons was used. For comparison of pre-drug

control values of kindled seizure parameters between vehicle- and Sandimmune®-treated

rats, the t-test or, for seizure severity, the Mann-Whitney U-test was used. For comparison

of pre-drug control values of kindled seizure parameters before and after cross-over, the

paired t-test or, for seizure severity, the Wilcoxon matched pairs test was used. All statistical

analyses were performed with the Prism 5.03 software from GraphPad (La Jolla, CA, USA). All

tests were used two-tailed and a value of p ≤ 0.05 was considered significant.

3.4 Results

3.4.1 CsA Whole Blood Concentration

Taken together, the following statistically valid results were obtained with respect to whole

blood CsA levels measured in samples taken 2.5 hrs after injection of the different dosages

of pCsA and Sandimmune®: (a) chronic treatment > acute treatment, (b) Sandimmune® >

pCsA, (c) i.p. > s.c., (d) high dosages > low dosages (Fig. 3A).
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Figure 3: Effects of treatment with different CsA preparations and application routes on whole blood CsA levels, relative
body temperature, and body weight gain. (A) Means + SEM of whole blood CsA levels showing significant differences
over time (°p<0.05; °°°p<0.001) and between treatment groups (*p<0.05; **p>0.01; ***p>0.001). Sample sizes are
given within the bars. Whole blood CsA levels of pCsA- and high-dose Sandimmune®-treated rats significantly increased
during one week chronic treatment compared to acute injection and then remained stable during further treatment.
Note that rats treated with Sandimmune® 10 mg/kg i.p. reached significantly higher whole blood CsA levels
than rats treated with pCsA 10 mg/kg i.p. and also higher levels than rats treated with Sandimmune® 10 mg/kg s.c..
Lücke
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Whole blood CsA levels typically accumulated significantly during the course of the

treatment. Regardless of the dosage, whole blood CsA levels significantly increased after one

week of treatment with pCsA compared to acute injection (p < 0.05). Comparably, whole

blood CsA levels significantly increased after one and two weeks of treatment with

Sandimmune® 10 mg/kg, regardless of the application route, compared to acute injection (p

< 0.001). There were no differences between one and two weeks of treatment, showing that

whole blood CsA levels reached a plateau during chronic treatment. With respect to the CsA

preparation, rats treated with Sandimmune® 10 mg/kg i.p. reached significantly higher

whole blood CsA levels than rats treated with pCsA 10 mg/kg i.p. (p < 0.05 after 1 week and

p < 0.001 after two weeks treatment). With respect to the application route, i.p. injection of

Sandimmune® resulted in significantly higher whole blood CsA levels than s.c. injection of

Sandimmune® (p < 0.001 for 10 mg/kg at any time point and p < 0.01 and p < 0.05 for 5

mg/kg after one and two weeks, respectively). Finally, as expected, the high dosage of 10

mg/kg typically caused higher whole blood CsA levels than the lower dosage of 5 mg/kg. This

is especially obvious after chronic treatment (for details refer to Fig. 3A). Taken together, the

highest whole blood CsA levels were reached after i.p. injection of Sandimmune® 10 mg/kg

(acute: 2092.44 ± 79.36 ng/ml; 1 week: 3321.44 ± 272.12 ng/ml; 2 weeks: 4082.33 ± 454.85

ng/ml). The lowest whole blood CsA level was reached after acute s.c. injection of

Figure 3 (continued): (B) Body temperature of the different treatment groups shown as means relative to the pre-drug
control. Significant changes over time are indicated by circle (°). The following groups showed a significant decrease in
relative body temperature compared to pre-drug measures: Acute, Sand 10 mg/kg i.p. (p<0.01); 1 week, Sand 10 mg/kg i.p.
(p<0.05), pCsA 10 mg/kg i.p. (p<0.01), pCsA vehicle i.p. (p<0.001); 2 weeks, pCsA 5 mg/kg i.p. (p<0.05), pCsA vehicle i.p.
(p<0.01). Significant differences (body temperature decrease) between treatment groups are indicated by asterisk (*):
Acute, pCsA vehicle i.p. and pCsA 10 mg/kg i.p. (both versus naïve, p<0.05), pCsA vehicle i.p. versus Sand vehicle i.p.
(p<0.01), Sand 10 mg/kg i.p. versus Sand 5 mg/kg i.p. (p<0.01), Sand 10 mg/kg i.p. versus naïve, Sand vehicle i.p., and Sand
10 mg/kg s.c. (p<0.001); 1 week, pCsA vehicle i.p. versus naïve and Sand vehicle i.p. (p<0.05); 2 weeks, pCsA 5 mg/kg i.p.
versus naïve (p<0.05), pCsA vehicle i.p. versus naïve (p<0.01); 2 weeks post, pCsA 10 mg/kg i.p. versus pCsA 5 mg/kg i.p.
(p<0.05), Sand 5 mg/kg i.p. versus Sand 5 mg/kg s.c. (p<0.05), pCsA vehicle i.p. versus pCsA 5 mg/kg i.p. (p<0.01).
(C) Body weight gain of the different treatment groups shown as means relative to the pre-drug control weight. Significant
changes over time are indicated by circle (°). The following groups showed a significant body weight gain compared to pre-
drug measures: 2 weeks, Sand 5 mg/kg s.c. (p<0.05); pCsA vehicle i.p. and Sand 10 mg/kg i.p. (p<0.01); pCsA 5 mg/kg i.p.
and pCsA 10 mg/kg i.p. (p<0.001); 1 week post-treatment, rats from all treatment groups (p<0.001, except naïve p<0.01).
Significant differences (more pronounced body weight gain) between treatment groups are indicated by asterisk (*): 2
weeks, pCsA 5 mg/kg i.p. versus Sand 5 mg/kg i.p. (p<0.05), pCsA 10 mg/kg i.p. versus naïve (p<0.01); 1 week post-
treatment, pCsA 5 mg/kg i.p., pCsA 10 mg/kg i.p., Sand 5 mg/kg s.c. (all versus naïve, p<0.01), Sand 10 mg/kg i.p. and Sand
vehicle s.c. (both versus naïve, p<0.001), pCsA 5 mg/kg i.p. versus Sand 5 mg/kg i.p. (p<0.01), Sand 10 mg/kg i.p. versus
Sand 5 mg/kg i.p. (p<0.001). CsA, cyclosporine A; pCsA, pure substance cyclosporine A; post, post-treatment; Sand, ready-
to-use drug Sandimmune® (Novartis); wk, week.
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Sandimmune® 5 mg/kg (406.2 ± 38.34 ng/ml), because pCsA was not applied by s.c.

injection. Noteworthy, the whole blood CsA levels did not correlate with changes in seizure

thresholds (not illustrated).

3.4.2 Basal (pre-drug) PTZ Seizure Thresholds

During pre-drug control seizure threshold determination, intravenously applied PTZ in an

amount of 18.47 ± 0.31 mg/kg (mean ± SEM) was necessary to induce myoclonic twitches

(range 11.18 to 25.54 mg/kg) and 21.58 ± 0.35 mg/kg was necessary to induce clonic

seizures (range 13.64 to 34.50 mg/kg). Although one-way ANOVA indicated differences in

the pre-drug control PTZ thresholds for induction of myoclonic twitches (p = 0.0179),

posthoc comparisons with the Bonferroni method did not show significant differences

between treatment groups (naïve rats, vehicle-treated rats, and rats treated with different

CsA preparations, dosages, and application routes). For the pre-drug control PTZ clonic

seizure thresholds, one-way ANOVA did not indicate differences between treatment groups

(p = 0.0927).

3.4.3 Lack of Robust Acute and Chronic Effects of CsA on PTZ Seizure Thresholds

Taken together, neither pCsA nor Sandimmune® caused robust changes of PTZ seizure

thresholds. Independent of dosage and application route, none of the tested CsA

preparations caused acute changes in PTZ seizure thresholds 2 hrs after a single drug

injection, neither compared to pre-drug values nor compared to naïve and vehicle-treated

rats (Fig. 4). Concerning chronic CsA treatment up to two weeks, only subtle effects on PTZ

seizure thresholds were observed. I.p. injection of pCsA did not change PTZ seizure

thresholds over time. However, differences between treatment groups were indicated by

two-way ANOVA (p = 0.0122) for clonic seizure thresholds in the pCsA treatment group. The

clonic seizure threshold was significantly lower in rats one week after termination of

treatment with 10 mg/kg pCsA compared to vehicle-treated rats (p < 0.05; Fig. 4A), but not

compared to naïve rats.

Although two-way ANOVA indicated significant changes of seizure thresholds over time in

response to i.p. (p = 0.0325 for myoclonic twitch and p = 0.0034 for clonic seizure) and s.c.

(p = 0.0014 for myoclonic twitch and p = 0.0040 for clonic seizure) injection of
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Sandimmune®, posthoc analysis revealed a significant increase only for the clonic seizure

threshold after two weeks of daily i.p. injection of 5 mg/kg Sandimmune® compared to the

pre-drug seizure threshold (p < 0.01; Fig. 4B). However, the clonic seizure threshold after

two weeks of daily i.p. injection of 5 mg/kg Sandimmune® did not differ significantly from

the respective seizure thresholds in naïve and vehicle-treated rats, respectively (Fig. 4B and

4C).

Figure 4: Pentylenetetrazole (PTZ) seizure thresholds over time shown as means and SEM relative to pre-drug control.
Thresholds for induction of first myoclonic twitch (left column) and clonic seizures (right column) were determined at
different time points before (pre-drug), during (acute, 1 week (1wk), 2 weeks (2wk)) and after treatment (1 wk post). Rats
received two different dosages of the pure substance cyclosporine A (pCsA) intraperitoneally (A), or of the ready-to-use
drug Sandimmune® (Sand) intraperitoneally (B) or subcutaneously (C). Naïve and vehicle-treated rats served as controls.
Sample sizes are given within the bars. In general, no robust effects on seizure thresholds were detected, although some
isolated significant intergroup (*p<0.05) and time series (°°p<0.01) changes occurred as indicated in the figure.
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3.4.4 Kindling Development and Basal (pre-drug) Kindling Parameters

In kindled rats receiving either Sandimmune® or vehicle, 6.4 ± 0.7 (mean ± SEM) stimulations

were needed until the first secondary generalized stage 5 seizure occurred (range 4 to 8

stimulations). The initial ADT in these rats was 152.1 ± 20.4 µA (range 75 to 240 µA); the first

post-kindling ADT was 122.9 ± 14.3 µA (range 90 to 200 µA). The lowered post-kindling ADT

reflect the progressively higher seizure susceptibility of the kindled compared to the non-

kindled brain (Goddard et al., 1969). The first GST was 175.7 ± 25.5 µA (range 90 to 280 µA).

During pre-drug control testing, all rats exhibited secondary generalized seizures at the ADT,

so that ADT was identical to GST. The pre-drug control kindled seizure parameters were

(mean ± SEM): ADT and GST, 57.2 ± 7.1 µA (range 30 to 135 µA); ADD, 93.4 ± 5.2 sec (range

66.5 to 136.5 sec); SD, 91.0 ± 5.3 sec (range 67.5 to 127.0 sec); LP, 6.4 ± 1.7 sec (range 1.0 to

26.5 sec). Seizure severity was classified as stage 5 according to Racine (1972) in all rats

during pre-drug control testing. The pre-drug control kindled seizure parameters did not

differ significantly between vehicle- and Sandimmune®-treated rats (p > 0.05 for all

comparisons). Since this study was performed in a cross-over design, pre-drug control values

were additionally compared before and after cross-over for each kindled seizure parameter,

without indicating any significant differences (p > 0.05 for all comparisons).

3.4.5 Lack of Acute and Chronic Effects of CsA on Kindled Seizure Parameters

Just as for PTZ seizure thresholds, kindled seizure parameters were always determined 2 hrs

after drug or vehicle injection. Sandimmune® 10 mg/kg i.p. did not cause significant changes

in the kindled seizure parameters ADT, GST, ADD at ADT, ADD at GST, SD at ADT after acute

or chronic drug injection, neither compared to pre-drug values nor compared to vehicle-

treated rats (Fig. 5). Likewise, further investigated kindled seizure parameters (SD at GST, SS

at ADT, SS at GST, LP) were not changed significantly by acute or chronic treatment with

Sandimmune® 10 mg/kg i.p. (not illustrated).
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3.4.6 Effects of CsA on Rat Behavior

To evaluate behavioral adverse effects of the different CsA treatment regimens after acute

or chronic treatment, a set of behavioral tests was carried out starting 1 ¾ hrs after drug or

vehicle injection. Additionally, behavioral tests were carried out on naïve rats. All behavioral

tests and physiological measures were carried out on rats of the PTZ study. A general and

qualitative overview of the results is given in Table 1. Variations in time of behavioral

parameters significantly changed by specific CsA treatment regimens compared to pre-drug

Figure 5: Kindled seizure parameters over time shown as means and SEM relative to pre-drug control. Parameters were
determined at different time points before (pre-drug), during (acute, 1 week (1 wk), 2 weeks (2 wk)), and after treatment (1
wk post). Rats were treated intraperitoneally with 10 mg/kg cyclosporine A as the ready-to-use preparation Sandimmune®
(Sand, Novartis) or with vehicle. (A) Afterdischarge thresholds (ADT), (B) generalized seizure thresholds (GST), (C)
afterdischarge durations at ADT, (D) afterdischarge durations at GST, and (E) seizure durations at ADT. Sample sizes are
given within the bars. Treatment with Sandimmune® neither changed kindled seizure parameters compared to pre-drug
values nor compared to vehicle treatment (p>0.05, all comparisons).
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values and respective results from naïve rats are illustrated in Fig. 6. Most of the investigated

behavioral parameters including excitability of rats were not affected by the different CsA

treatment regimens (Table 1).

Compared to pre-drug behavior, tremor was significantly induced in rats treated chronically

for two weeks with pCsA 10 mg/kg i.p., Sandimmune® vehicle s.c., and Sandimmune® 10

mg/kg s.c. (Fig. 6B-D), while no such behavior was observed in naïve rats (Fig. 6A). The

tremor was typically still detectable one week after discontinuation of treatment.

Piloerection was significantly induced during chronic treatment with Sandimmune® 10

Table 1: Overview of behavioral and physiological (defecation) results for naïve rats and rats treated with different CsA
preparations, dosages, vehicles, and application routes. Significant changes over time as analyzed by one-way ANOVA are
indicated by the given p-values. Arrows indicate significant increases of specific behaviors or physiological measures during
the course of the experiment as analyzed by posthoc Dunn´s multiple comparisons when compared to pre-drug control.
Not significant test results are indicated by n.s. as abbreviation. Not significant posthoc test results are indicated by n.s. in
brackets. For detailed illustration of significant parameters see Figure 6.  n.s., one-way ANOVA not significant; [n.s.],
posthoc test not significant.
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mg/kg s.c. (Fig. 6F), while this was never observed in naïve rats (Fig. 6E). After acute

treatment with Sandimmune® 5 mg/kg i.p., 2 out of 8 rats retracted their flanks and this was

statistically significant compared to the pre-drug time point (Fig. 6H). Although not

significant, retracted flanks could also be observed in some naïve rats (Fig. 6G).

Figure 6: Behavioral and physiological (defecation) data shown as single values and median for (A-D) tremor, (E-F)
piloerection, (G-H) retracted flanks, (I-L) number of feces boli, and (M-P) consistency of feces. Significant increases over
time (compared to pre-drug control) after treatment with specific CsA preparations, dosages, vehicles, and application
routes are indicated by asterisks (*p<0.05, **p<0.01, ***p<0.001). Data from naïve rats are shown for comparison. For
further information refer to Table 1.
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3.4.7 Effects of CsA on Defecation

At the end of the behavioral tests, the number of feces boli in the open field and the

consistency of feces were determined as further physiological measures. CsA in different

preparations and also Sandimmune® vehicle (probably the ethanol contained therein) clearly

affected the number of feces boli and/or the consistency of feces. After one or two weeks

treatment, Sandimmune® vehicle i.p., Sandimmune® 10 mg/kg i.p., and Sandimmune®

5mg/kg s.c. significantly induced an increase in the number of feces boli when compared to

pre-drug control (Fig. 6J-L). Except for Sandimmune® 10 mg/kg i.p.-treated rats, this

increased number of feces boli was still significantly present up to two weeks after

discontinuation of treatment. Naïve rats did not show significant changes over time for this

measure (Fig. 6I). In rats receiving pCsA 10 mg/kg and both dosages of Sandimmune® i.p.,

soft feces or diarrhea was significantly induced after acute and during chronic treatment and

returned to normality after discontinuation of treatment (Fig. 6N-P). Soft feces or diarrhea

was observed only occasionally in naïve rats (Fig. 6M).

3.4.8 Effects of CsA on Body Temperature

The body temperature of the rats at the beginning of experiments (pre-drug control) was

37.94 ± 0.04°C (mean ± SEM; range, 37.1 to 39.1°C) with no differences between the

treatment groups (one-way ANOVA, p = 0.09).

In general, both pCsA i.p. dosages, the respective vehicle, and Sandimmune® 10 mg/kg i.p.

caused a significant decrease of relative body temperature during treatment (for more

details refer to Fig. 3B). Sandimmune® 10 mg/kg i.p. caused an acute decrease in relative

body temperature by about 2% (37.18 ± 0.21°C) after a single drug injection. After one week

chronic treatment, the relative body temperature was still significantly lower than the pre-

drug control. The pCsA preparations including vehicle caused a delayed significant decrease

in relative body temperature during chronic treatment (Fig. 3B). Similarly, these treatment

groups developed significantly decreased relative body temperatures compared to naïve rats

or other groups during treatment. The relative body temperature of rats treated with

Sandimmune® 10 mg/kg i.p. was significantly lower compared to naïve and other

Sandimmune®-treated rats after acute drug injection. The relative body temperature of rats

treated with pCsA or vehicle comparably decreased after acute treatment, but also during
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chronic treatment. One and two weeks after discontinuation of treatment, relative body

temperature has returned to pre-drug values, although some intergroup differences could

be still detected two weeks post-treatment (Fig. 3B).

3.4.9 Effects of CsA on Body Weight

The body weight of rats was measured immediately before each PTZ seizure threshold

determination. At the pre-drug control day, rats had a body weight of 228.6 ± 1.03 g (mean ±

SEM; range, 211.2 to 269.5 g). Rats were then distributed randomly to the different

treatment groups. The mean pre-drug control body weights did not differ significantly

between the groups (one-way ANOVA, p = 0.49).

As expected, body weight significantly increased over time in all rats (Fig. 3C). Some

treatment groups (pCsA 5 mg/kg i.p., pCsA 10 mg/kg i.p., pCsA vehicle i.p., Sandimmune® 10

mg/kg i.p., Sandimmune® 5 mg/kg s.c.) significantly gained weight already during treatment,

as observed at the two week time point. One week post-treatment, all treatment groups

significantly gained weight. Additionally, the body weight gain differed significantly between

treatment groups (Fig. 3C). Naïve rats showed a body weight gained of 2.79 ± 0.55% at the 2

week-treatment point and 5.67 ± 0.94% at the 1 week-post-treatment time point.

Compared to the naïve rats, many of the treated rats showed a significantly higher

bodyweight gain: Rats treated with pCsA 10 mg/kg i.p. (6.87 ± 1.24%) at the 2 week-

treatment time point and rats treated with pCsA 5 mg/kg i.p. (10.42 ± 1.33%), pCsA 10

mg/kg i.p. (9.73 ± 1.80%), Sandimmune® vehicle s.c. (11.71 ± 1.04%), Sandimmune® 5 mg/kg

s.c. (9.86 ± 1.69%), and Sandimmune® 10 mg/kg i.p. (11.76 ± 1.10%) at the 1 week-post-

treatment time point. Differences in body weight gain over time or between groups were

not related to differences in the number of feces boli or the occurrence of diarrhea. For

example, although rats treated with Sandimmune® 10 mg/kg i.p. showed a significant

increase in number of feces boli (Fig. 6J) and significantly more rats showed soft feces or

diarrhea (Fig. 6P) during treatment, they nevertheless significantly gained weight during the

course of the experiment (Fig. 3C).
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3.5 Discussion

The main findings of the present study were: (1) None of the investigated CsA preparations,

dosages, and application routes caused robust seizure threshold changes in the timed

intravenous PTZ seizure threshold test after both single CsA injection and chronic treatment.

(2) Neither single injection nor chronic treatment of CsA in the ready-to-use preparation

caused changes in amygdala-kindled seizure thresholds or other kindled seizure parameters.

(3) Whole blood CsA levels accumulated over the first week of treatment and were higher

after treatment with the ready-to-use preparation compared to pCsA and after i.p.

compared to s.c. injection. (4) The occurrence of adverse effects (diarrhea, lowered body

temperature, tremor, piloerection) differed between CsA regimens and some were also

induced by vehicle injections containing ethanol and/or polyethoxylated castor oil. An

increased occurrence of diarrhea was not accompanied by reduced body weight gain.

3.5.1 Lack of Robust CsA Effects on Seizure Thresholds

CsA is a neutral cyclic polypeptide with rather complex pharmacokinetics (Tanaka et al.,

1999). It does not readily pass the blood-brain barrier due to a combination of binding by

serum proteins and low permeability of the barrier related to efflux transport by the

multidrug transporter P-glycoprotein (Cefalu and Pardridge, 1985, Lemaire et al., 1988,

Sakata et al., 1994). As a result, significantly higher CsA levels can be measured in blood

compared to brain (Boland et al., 1984, Bronster et al., 1999). Nevertheless, CsA is known to

affect brain functions, partly because immunophilins are enriched far more in the brain than

in the immune system (Steiner et al., 1992). Furthermore, CsA itself was reported to increase

the permeability of the blood-brain barrier due to several mechanisms including direct

impairment of endothelial cells (Kochi et al., 1999, Wijdicks, 2001, Dohgu et al., 2010).

These mechanisms may be at least partly involved in the occurrence of CsA-induced

encephalopathy. Furthermore, experimentally induced seizures including PTZ-induced

seizures have been shown to cause blood-brain barrier impairment in several brain areas

(e.g., Ziylan and Ates, 1989, Librizzi et al., 2012), thereby allowing larger amounts of CsA to

penetrate into the brain. Noteworthy, the blood-brain barrier is adversely affected after cell

grafting into the brain, thus allowing macromolecules and leukocytes to pass for about 1 to 2
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weeks (Brundin et al., 1989). Thus, treatment with immunosuppressive drugs such as CsA

requires particular caution in neural transplantation studies, especially in epilepsy research.

However, apart from a significant induction of tremor in some rats, we did not observe any

obvious neurological adverse effects after acute or during chronic treatment with CsA and

also did not observe robust effects on seizure thresholds. This might be partly related to an

increased expression of P-glycoprotein in response to repeated CsA exposure, as was shown

in human arterial endothelial cell culture experiments (Hauser et al., 1998). We did not

determine CsA levels in brain tissue in the present study, but it is interesting to note that a

study by Gottschalk et al. (2011) indicated that female rats reach lower CsA levels within the

brain and are less susceptible to neurotoxic or neurobehavioral adverse effects by CsA than

male rats. This may also explain why Borlongan et al. (1995, 1999) described that CsA

injected at therapeutic doses caused spontaneous hyperactivity in normal male rats,

whereas we did not observe such effects on motor behavior in female rats. Our study, in

which comparable dosages were used, rather indicated slight hypolocomotion. This

discrepancy may additionally be explained by different CsA preparations used in their studies

and in our investigation.

A considerable amount of previous in vivo and in vitro studies investigated putative CsA

effects on different seizure parameters. In vitro studies using rodent brain slice recordings

either showed an increase (Wong and Yamada, 2000) or a decrease (Jung et al., 2012) of

epileptiform activity by CsA, which may depend on the basal seizure susceptibility of a

neuronal network rather than on the used CsA concentration (Gorji et al., 2002). Likewise, a

broad range of proconvulsant (Racusen et al., 1988, Famiglio et al., 1989, Racusen et al.,

1990, Asanuma et al., 1995b, Shuto et al., 1999, Fujisaki et al., 2002, Setkowicz et al., 2004,

Yamauchi et al., 2005) or anticonvulsant effects (Moia et al., 1994, Asanuma et al., 1995a,

Homayoun et al., 2002, Setkowicz and Ciarach, 2007, Jung et al., 2012) were also reported in

previous in vivo studies using rats and mice. Again, it seems that the used dosages do not

predict the outcome of the investigations. This is in line with clinical findings emphasizing

that there is no absolute correlation between serum CsA levels and seizure occurrence

(Schwartz et al., 1995, Hauben, 1996). The different study outcomes are more likely related

to the wide variability in general study design used by the different investigators. Dosages

used in these studies ranged from 5 to 50 mg/kg, application routes included i.p., s.c., and
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oral, and several different acute or chronic treatment schedules were applied. Furthermore,

different CsA preparations were used and in most cases the CsA sources were not even

specified.

Finally, CsA effects on seizure parameters were evaluated using varying seizure or epilepsy

models in rats and mice of different strains and gender. None of these experimental factors

alone seem to determine, if CsA exerts pro- or anticonvulsant effects, but rather a

combination of several parameters shifts the outcome in one or the other direction. The

present study therefore comprehensively and directly compared different treatment

regimens regarding CsA preparations, dosages, application routes, treatment duration, and

experimental rat models. However, none of the used treatment regimens caused robust

changes in PTZ or kindled seizure thresholds and further seizure parameters, although the

severity and amount of adverse effects differed depending on the treatment paradigm.

There have been two previous studies on CsA effects in rodents using the same seizure and

epilepsy models as we did in our investigation, albeit male mice and rats instead of female

rats were used. Using male mice, Homayoun et al. (2002) observed an elevation of the clonic

seizure threshold in the i.v. PTZ model after a single s.c. injection of CsA in the ready-to-use

preparation. In that study, saline was used as vehicle-control, although the ready-to-use

preparation contains ethanol, known to be anticonvulsant per se, albeit not in the

concentration used after dilution of the ready-to-use preparation, as indicated by our study.

Nevertheless, in our study in female rats, we observed a similar elevation of the clonic

seizure threshold, but only after chronic treatment with a rather low dosage (5 mg/kg) of

CsA applied i.p. as the ready-to-use preparation. Using male rats, Moia et al. (1994) reported

that the kindling progression from partial to secondarily generalized seizures induced by

electrical stimulation of the left amygdala was reversibly blocked by 10 mg/kg CsA in the

ready-to-use preparation applied i.p., indicating an anticonvulsant effect. In our study in rats

fully kindled by electrical stimulation of the right amygdala, we did not observe any

indication for an anticonvulsant effect by CsA using the same dosage, application route, and

preparation. This discrepancy might be related to the different rat strains (Sprague Dawley

and Wistar, respectively) and/or gender used by Moia et al. (1994) and in our study. It is

interesting to note that Tauboll et al. (1998) also did not observe robust CsA effects on

recordings in naïve hippocampal slices prepared from female rats. Species-, strain-, and
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gender-specific effects thus cannot be ruled out, although Santos and Schauwecker (2003)

also have shown a similar lack of CsA effects on the induction of kainate-induced seizures in

male mice. Our investigation together with previous reports suggest that transplantation

studies in experimental epilepsy research require a careful assessment of putative CsA

effects on seizure thresholds or further seizure parameters in the specific experimental

settings to be used.

3.5.2 Bioavailability of CsA

It is well-known that the bioavailability (Luke et al., 1990) and pharmacokinetic profiles

(Wassef et al., 1985) are influenced by the route of administration of CsA in rats.

Accordingly, it was recently shown that the survival of human neural cells grafted into the

male rat brain differed depending on the administration route of CsA applied chronically for

about 2 weeks with better outcome after s.c. injection compared to sole oral administration

(Jensen et al., 2012). Our data suggest that for a chronic pharmacological

immunosuppression with CsA in the PTZ seizure threshold and amygdala-kindling model in

rats, the ready-to-use preparation in a dose of 10 mg/kg applied i.p. is the most appropriate

and safe treatment regimen. This treatment protocol induced the highest whole blood CsA

levels, thus showing the most effective absorption, but nevertheless did not affect seizure

thresholds in the two rat models and did not cause stronger adverse effects than the other

treatment regimens investigated. In line with our observation that whole blood CsA levels

accumulated over the first week of treatment, Boland et al. (1984) showed that repeated

administration of CsA after the first week did not further elevate CsA tissue concentrations

in mice. Our treatment regimens involving i.p. administration of CsA thus yielded whole

blood levels within the range of previously described therapeutic CsA blood concentrations

in rats (Chimalakonda et al., 2002, Brocks et al., 2006). In contrast, when we applied CsA via

s.c. route, whole blood levels were much lower, which may add to the complete lack of

effects of s.c. applied CsA on seizure thresholds.

3.5.3 Adverse Effects Induced by CsA

We could show that CsA is relatively safe for use in the PTZ seizure threshold test and the

kindling model in rats. It nevertheless caused different adverse effects, which mainly
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comprised diarrhea, a decreased body temperature, and tremor. Although a relatively

common adverse effect in humans, we did not evaluate putative nephrotoxic adverse effects

of CsA in our study, because rats appear to be rather unsusceptible to nephrotoxic CsA

effects (Morozumi et al., 1986).

In line with our observation in rats, diarrhea is a known adverse effect of CsA treatment in

humans (overview by Ginsburg and Thuluvath, 2005). With respect to our observed drop in

body temperature, CsA has been reported before to interfere with thermoregulation and to

cause hypothermia in rats (Dantzer et al., 1987). However, we also observed a drop in body

temperature in response to vehicle injections containing polyethoxylated castor oil.

Several mechanisms of action including reduced GABAergic inhibition, mitochondrial

dysfunctions, and cerebral vasculopathy have been suggested to be involved in CsA

neurotoxicity, which may express as acute encephalopathy, tremor, and CsA-induced

seizures (Hauben, 1996, Gijtenbeek et al., 1999, Bechstein, 2000, Serkova et al., 2004). In our

study, none of the investigated rats showed clinical signs of spontaneous seizures. Instead,

we observed tremor in a significant portion of rats after two weeks chronic treatment and

the tremor persisted for about one week after discontinuation of treatment. Tremor is

among the most commonly reported neurological adverse effects in humans (Gijtenbeek et

al., 1999, Bechstein, 2000). However, in our rats tremor was induced not only by higher

doses of CsA preparations, but also by repeated injections of vehicle containing Cremophor®

EL and ethanol. In this regard, it is interesting to note that a previous in vitro study by

Windebank et al. (1994) also indicated neurotoxic effects of the solvent vehicle for CsA,

because polyethoxylated castor oil itself induced neurotoxic effects including axonal

swelling, degeneration and demyelination even at low doses.

3.6 Conclusion

Chronic daily treatment with CsA in a ready-to-use preparation injected i.p. for up to two

weeks is potentially safe for preclinical neuronal xenotransplantation studies in epilepsy

research. In the intravenous PTZ seizure threshold model and in the amygdala-kindling

model for temporal lobe epilepsy in rats, no robust influences on seizure thresholds and

further seizure parameters were detected. Nevertheless, a careful monitoring of rats

chronically treated with any preparation of CsA should be ensured because of the risk for
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adverse effects, which may occur during chronic treatment. Indeed, the immunosuppression

protocol elaborated in the present study should be further developed for an application in

future xenotransplantation studies in experimental epilepsy research. For example, although

some studies suggest that a transient CsA treatment for about 2 to 3 weeks might be

sufficient for a longer survival time of human neural progenitor cells in rats (Wennersten et

al., 2006, Rota Nodari et al., 2010), other studies reported xenograft rejections after

cessation of CsA treatment in rats (Brundin et al., 1989, Honey and Shen, 1999). We did not

investigate CsA effects beyond 2 weeks of chronic treatment, although neural progenitor

cells typically need much more time to fully differentiate and integrate into the host rat

brain. We cannot exclude potential effects on seizure thresholds in response to longer CsA

treatment durations. Furthermore, long-term treatment with CsA is associated with higher

risks of adverse effects. Thus, additional research beyond the scope of the present study

may help to find an optimized protocol. Such a protocol should avoid the observed adverse

effects of CsA and at the same time should reliably ensure long-term xenograft survival,

because Larsson et al. (2001) indicated that 10 mg/kg CsA injected i.p. once daily failed to

protect porcine neural xenografts from rejection after treatment durations extending

beyond 12 weeks. Jensen et al. (2012) suggested a protocol, which avoids the use of

frequent (daily) injections by applying a combination with oral treatment subsequent to

initial post-surgery injections. Kelly et al. (2009) successfully reported neonatal induction of

tolerance to the cells to be grafted in adulthood as an alternative to pharmacological

immunosuppression.
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4.1 Abstract

Neurotransplantation is one promising experimental approach to overcome the problem of

pharmacoresistance in epilepsy. Depending on the grafted cell type (e.g.

xenotransplantation), an immunosuppression is necessary to prevent tissue rejection.

Although occasionally associated with severe adverse effects, a pharmacological

immunosuppression with cyclosporine A (CsA) is commonly used for xenotransplantations in

experimental animal models. An alternative immunomodulatory approach is the neonatal

induction of tolerance towards the cells intended for later transplantation. In the present

study, porcine neural precursor cells (pNPCs) were comparatively grafted into the

subthalamic nucleus (STN) of rats, which were either (1) pharmacologically

immunosuppressed with CsA, (2) neonatally tolerance-induced, or (3) not

immunomodulated at all. Bilateral grafting of pNPCs into the STN, known to be involved in

seizure modulation, was significantly anticonvulsant in all animal groups. However, only

animals that were neonatally tolerance-induced showed longer-lasting significant

anticonvulsant effects until 5 weeks after grafting, whereas these effects only lasted 10 days

in the other groups. Compared to pharmacological immunosuppression with CsA, the

induction of tolerance did not cause any obvious adverse effects. Although the observed

long-lasting anticonvulsant effects in tolerance-induced rats were still transient, our

promising data on neonatal induction of tolerance and the use of pNPCs for

xenotransplantation studies in epilepsy research merit further investigations.

Key words: Neurotransplantation; Porcine precursor cells; Basal ganglia; Epilepsy; Cyclosporine A;

Desensitization; Pentylenetetrazole

4.2 Introduction

Neural transplantation into appropriate brain regions is a promising experimental approach

to treat pharmacoresistant epilepsies. The subthalamic nucleus (STN), a basal ganglia

structure known to be involved in the modulation of seizures emanating from the limbic

system (Depaulis et al., 1994; Gale et al., 2008; Kücker et al., 2010), has recently been shown

to be a highly promising target region for localized treatment approaches including

intracerebral drug injections and neuronal transplantations (Bröer et al., 2012; Gernert,
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2013; Handreck et al., 2014). Using cell lines that release the inhibitory neurotransmitter γ-

aminobutyric acid (GABA), Handreck et al. (2014) for the first time demonstrated

anticonvulsant effects by allografting rat cells into the rat STN.

However, for clinical translation of a cell-based therapy in epilepsies, other cell sources such

as neurally directed human or porcine cells have to be investigated preclinically to

demonstrate safety and efficacy after grafting into the brain (Schachter et al., 1998; Brevig et

al., 2000). Especially porcine tissue raises less ethical concerns than the use of human fetal

tissue. Because xenografts are rejected rapidly in rats and mice, an immunosuppression to

prevent graft rejection and to promote long-term anticonvulsant effects is inevitable

(Pakzaban and Isacson, 1994; Brevig et al., 2000; Cascalho and Platt, 2001). The

immunosuppressive drug cyclosporine A (CsA) (Kahan, 1989, 2009) is commonly used for this

purpose. We recently reported that the chronic treatment with intraperitoneally (i.p.)

applied CsA (10 mg/kg) from a ready-to-use preparation is an appropriate

immunosuppressive regimen, because it causes high CsA whole blood concentrations

without robustly affecting seizure thresholds in an acute seizure model (Handreck et al.,

submitted). However, typical adverse effects such as gastrointestinal problems were caused

by the treatment. Furthermore, CsA treatment periods larger than two weeks were not

investigated by Handreck et al. (submitted), but may be associated with higher risks for

severe adverse effects. Finally, repeated drug injections for longer times can be considered

to be much more stressful for the animals.

An alternative strategy to promote long-term graft survival, without the need of repeated

drug injections, is the neonatal induction of tolerance towards the cells intended for later

transplantation. This method has been employed for decades with various types of tissue

(e.g. liver cells, bone marrow cells, spleen cells) in different transplantation approaches

(Billingham et al., 1953; Billingham and Brent, 1956; Ando et al., 1991; West et al., 1994a, b;

Ridge et al., 1996; Modigliani et al., 1997; Adkins et al., 2004; Peiguo et al., 2012). More

recently, neonatal induction of tolerance was shown for the first time to successfully allow

long-term survival of neural tissue grafts (Kelly et al., 2009). However, there are also studies

reporting a failure of neonatal tolerance induction for neural transplantation, suggesting

that the efficacy of this immunomodulatory strategy depends on the host species, the tissue

used for grafting, and maybe the target region within the host brain (Janowski et al., 2012;
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Roberton et al., 2013). The grafting of clinically relevant porcine donor cells has not yet been

tested in tolerance-induced rats.

In the present study, we therefore investigated the efficacy of a transplantation of porcine

neuronal precursor cells (pNPCs) into the STN in an acute seizure model. To directly compare

the tolerance induction as an immunomodulatory strategy with a conventional

pharmacological immunosuppression regarding feasibility, safety, and ability to promote

long-term graft survival, we transplanted the cells into rats, which were either neonatally

tolerance-induced, treated with CsA, or not immunomodulated at all. Adverse effects were

comparatively investigated using a battery of behavioral and physiological tests.

4.3 Material and Methods

An overview of the study design is illustrated in Figure 1.

Figure 1: Time line illustrating procedures conducted during the present study. Porcine neuronal progenitor cells (pNPC)
were grafted into the subthalamic nucleus (STN) of rats with different immunomodulations: without immunomodulation
(Graft), immunosuppression with cyclosporine A (CsA+Graft), or induced tolerance (Tol+Graft). As control, rats received CsA
without cell transplantation. Behavioral tests and pentylenetetrazole (PTZ) seizure threshold determinations were
conducted repeatedly at different time points. Refer to the text for details. I.p., intraperitoneally; P, postnatal day.



STUDY 3: PORCINE CELL GRAFTING AND INDUCTION OF TOLERANCE

67

4.3.1 Animals

For rat breeding, adult male and female Wistar rats (Harlan-Laboratories, Horst,

Netherlands) were paired by housing together for two days. Pregnant rats then were housed

individually. For comparison with previous grafting studies of our group (Löscher et al., 1998;

Gernert et al., 2002; Nolte et al., 2008; Gernert et al., 2011; Handreck et al., 2014), we only

used female offspring. Three weeks after birth, female pups (n = 72; including n = 22 with

induced immunological tolerance as described below) were weaned and housed in groups of

four to five in an separate animal husbandry facility without males in order to keep them

asynchronous with respect to their estrous cycle (Kücker et al., 2010). Experiments were

started when rats reached a body weight of 200-220 g. All rats were kept under controlled

environmental conditions with a 12-h/12-h light/dark cycle (light on at 6:00 a.m.). Standard

laboratory chow (Altromin 1324 standard diet) and tap water were allowed ad libitum.

All animal experiments were done in compliance with the European Communities Council

Directive of November 24, 1986 (86/609/EEC), and were formally approved by the animal

subjects review board of our institution. All efforts were made to reduce the number of

animals used and their suffering. For transplantation, porcine cells were prepared from pig

fetuses. Parental pigs were housed and handled according to the German guidelines for

animal welfare. The animal experiments were approved by an external ethics committee

(Niedersächsisches Landesamt für Verbraucherschutz und Lebensmittelsicherheit, AZ 33.9-

42502-04-09/1718).

4.3.2 Cell Cultivation

Unless otherwise stated, all reagents were purchased from PAA Laboratories (Marburg,

Germany). Knockout DMEM F12, Neurobasal®, StemPro®, Fungizone® and Accutase® were

purchased from Life Technologies™ GmbH (Darmstadt, Germany). Fibroblast growth factor

(FGF-2, 20 ng/ml) and epidermal growth factor (EGF, 20 ng/ml) were obtained from PAN-

Biotech™ GmbH (Aidenbach, Germany). DNase I (0.05%) was purchased from Roche AG

(Berlin, Germany). Cell culture flasks were purchased from Greiner Bio-One GmbH

(Frickenhausen, Germany).
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4.3.2.1 Preparation of Primary Cell Culture

The protocol for isolation of primary porcine mesencephalic cells was adapted from

Armstrong et al. (2003). In brief, fetuses at embryonic day E25 were derived by sterile

hysterectomy from pregnant sows (German Landrace) after head-only electrical stunning

and bleeding. The ventral mesencephali (VM) were dissected from an entire litter and

prepared as a single cell suspension with Accutase®, DNase, and mechanical trituration by

using fire polished pasteuer pipettes. Cells of each fetus were seeded in cultivation medium

composed of knockout DMEM F12 supplemented with 2% StemPro®, penicillin/

streptomycin/Fungizone® (PSF, 100 mg/ml), EGF (20 ng/ml), and FGF (20 ng/ml). Precursors

were grown at 37°C (95% humidity, 3% CO2) and fed every third day by replacing half the

medium with fresh medium. After 7-10 days, the pNPCs were retrieved by scraping lightly

attached spheres from the culture flask and subsequent centrifugation to remove the

supernatant. Spheres were incubated in Accutase® for 5 min at room temperature and were

then carefully dissociated with a fire polished Pasteur pipette. Cell number and viability were

determined by using the trypan blue exclusion test. Cells were reseeded at a density of

200,000 cells/ml in cultivation medium, maintained for 7 days as described above, and

prepared for induction of tolerance as described below.

4.3.2.2 Preparation of pNPCs for Tolerance Induction and Neurotransplantation

The pNPC spheres were dissociated to single cells via Accutase® digest and mechanical

trituration and counted with the help of a haemocytometer using the trypan blue exclusion

test. Shortly before injection of the cells, precursors were resuspended in grafting medium

(100,000 cells/µl) (Neurobasal®). Remaining cells were kept in cultivation medium for one

week, centrifuged to remove supernatant, and resuspended in freezing medium composed

of cultivation medium, 10% DMSO (Sigma-Aldrich GmbH, Steinheim, Germany), and 20 %

StemPro®. pNPCs were kept at -20°C for 30 minutes and stored at -80°C over night. After 16h

hours vials were transferred to fluid nitrogen. One week before transplantation, pNPCs were

thawed and cultivated under standard conditions. At the day of transplantation, cells were

dissociated to single cells via Accutase® digest and mechanical trituration and counted under

a haemocytometer again using the trypan blue exclusion test. Cells were resuspended in

Neurobasal medium (80,000 pNPCs/800 nl) and grafted immediately.
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4.3.3 Induction of Immunological Tolerance

For induction of immunological tolerance, two female pups per litter were randomly

selected at postnatal day 1-2 and briefly separated from the mother. A suspension of

100,000 pNPCs in one µl DMEM/F12 medium was injected i.p. using a handheld 5 µl

Hamilton glass microsyringe with removable 26 gauge needles (Sigma-Aldrich GmbH,

Steinheim, Germany) (Kelly et al., 2009). For correct identification of rats with induced

tolerance during the entire study period, the bottom of the right hind paw of the pups was

tattooed with green animal tattoo ink (Fine Scientific Tools GmbH, Heidelberg, Germany)

using a 26 gauge needle. Pups were handled wearing nitrile gloves and were immediately

returned to the litter in order to avoid rejection by the mother. Due to death of 4 animals, 22

from initially 26 pups receiving i.p. injection of pNPCs could be weaned and used in the

present study. They were housed together with rats, in which no immunological tolerance

was induced to ensure identical handling of all animals.

4.3.4 Pharmacological Immunosuppression

For pharmacological immunosuppression with CsA, rats were treated with a dilution (1:15)

of the ready-to-use drug Sandimmune® (50 mg/ml; Novartis Pharmaceuticals). Rats received

10 mg/kg CsA i.p. daily (injection volume, 3 ml/kg) over a period of 15 days. In animals

transplanted with pNPCs, immunosuppressive treatment was started one day before

surgery. As shown previously by our group (Handreck et al., submitted), an

immunosuppression with 10 mg/kg CsA injected i.p. using Sandimmune® had no robust

effects on acute seizure thresholds in the test, which was also used in the present study.

Nevertheless, we added a CsA-treated control group without transplantation to confirm our

previous results. Therefore, some animals received an immunosuppression with 10 mg/kg

CsA i.p. (15 days) without being transplanted (Fig. 1).

4.3.5 PTZ Seizure Threshold Test

For investigating seizure thresholds before and at different times after transplantation of

pNPCs into the STN, the timed intravenous pentylenetetrazole (PTZ, metrazol) seizure

threshold test was performed as described in detail previously (Redgrave et al., 1992;

Löscher, 2009; Bröer et al., 2012). This test can be repeatedly performed in the same rat at
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intervals of about 48 h, thus allowing the study of alterations in seizure thresholds in

individual rats (Löscher, 2009). To prevent a kindling effect, in the present study the number

of PTZ seizure threshold determinations was limited to a maximum of five (with intervals of

at least ten days) in the same rat.

The pre-drug control seizure threshold was determined two to three days before cell

transplantation. Thus, each rat served as its own control. Further PTZ seizure thresholds

were then determined 10/11 days, 3 weeks, 5 weeks, and 3 months after grafting of pNPCs.

In groups receiving an immunosuppression by CsA, PTZ seizure thresholds were determined

19-21 hours after injection of CsA, i.e. at about trough levels of CsA within the blood. Seizure

threshold determination was always performed at the same time of the day (between 9:00

and 12:00 a.m.) to avoid intraday variance between animals. The experimenter was blinded

with respect to the group affiliation of the rats.

PTZ seizure thresholds were determined by infusion of a 0.8% solution of PTZ (Caesar &

Loretz, Hilden, Germany) in saline via a 24-gauge needle (Terumo® Europe n.V., Leuven,

Belgium) into the lateral tail vein of the conscious, unrestricted rat. The PTZ solution was

infused through a flexible polyethylene tubing (Kleinfeld Labortechnik, Gehrden, Germany)

using an infusion pump (PHD 2000 Infusion, Harvard Apparatus, Holliston, MA, USA).

Immediately after occurrence of the first clonic seizure, the infusion was terminated. The

PTZ seizure threshold was calculated in mg PTZ per kg body weight based on the time

needed to induce this clonus, the body weight of the animal, the rate of PTZ infusion (1.0

ml/min), and the PTZ concentration. Body weights were recorded shortly before PTZ seizure

threshold determinations. Additionally, the threshold for induction of the first myoclonic

twitch, which always preceded the clonic seizure, was calculated. All further seizures or

other abnormal behavior occurring after the termination of PTZ infusion were noted.

Therefore, rats were closely observed until they resumed normal behavior, typically about

1–2 h after PTZ infusion.

From initially 72 animals, 6 rats died after determination of the pre-drug control PTZ seizure

threshold. The remaining rats, if not tolerance-induced, were randomly assigned to the

different other study groups. Group sample sizes then were: pharmacological

immunosuppression with 10 mg/kg CsA i.p. but no transplantation (CsA), n = 6; pNPC

transplantation without immunomodulation (Graft), n = 20; pNPC transplantation and
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immunosuppression with 10 mg/kg CsA i.p. (CsA+Graft), n = 20; pNPC transplantation after

neonatal induction of tolerance (Tol+Graft), n = 20 (Fig. 1). Because some animals died after

PTZ infusion and because of repeated paravenous PTZ infusion in some animals, not all time-

points of seizure threshold determinations were available for analyses.

4.3.6 Transplantation of Porcine Neuronal Precursor Cells

For cell grafting, animals were anesthetized with isoflurane (induction 3%, maintenance

1.5%; CP-Pharma, Burgdorf, Germany) via an inhalation mask adjusted to a stereotaxic frame

(David Kopf Instruments, Tujunga, CA, USA). Animals were mounted to the stereotaxic

device, received additional local anesthesia of the scalp (2% tetracaine hydrochloride, Caesar

& Loretz) and the periost (0.25% bupivacaine hydrochloride; Carbostesin®, AstraZeneca,

Wedel, Germany), and were prepared for transplantation.

Deposits of 80,000 cells in 800 nl were bilaterally grafted (one deposit per hemisphere) to

the STN using the following stereotaxic coordinates in millimeters relative to bregma

according to Paxinos and Watson (2007): posterior, –3.6; lateral, ±2.6; and ventral, –7.9 mm

(Handreck et al., 2014). Cells were implanted using a 5 µl Hamilton syringe (outer tip

diameter, 570 µm; inner tip diameter, 310 µm; Reno, NV, USA). The Hamilton syringe was

inserted, left in place for 2.5 min before 400 nl of cell suspension were infused over a period

of 30 s, left in place for another 2.5 min before the remaining 400 nl were infused over 30 s.

The Hamilton syringe was again left in place for 2.5 min after the end of injection and

controlled for permeability after removal from the brain. After suturing (Johnson-Johnson

Intl., New Brunswick, NJ, USA) the scalp, isoflurane anesthesia was terminated and animals

were closely observed for any behavioral alterations after recovering from anesthesia.

4.3.7 Behavioral Tests

To evaluate, if intrasubthalamic grafting of pNPCs alone or grafting in combination with CsA

treatment or tolerance induction changes the behavior of the host animals, grafted rats

were observed in the open field (OF) and the elevated plus maze (EPM) test 3 to 4 days

before and 2 weeks (13 days; last day of immunosuppression with CsA) after transplantation

(Fig. 1). Behavioral tests were done in a blinded manner with respect to the treatment of the

animals. Tests were always performed at the same time of the day (behavioral observations
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in the OF between 9:00 and 12:00 a.m., EPM test between 14:00 and 16:00 p.m.) to avoid

intraday variance between animals.

4.3.7.1 Open Field

Behavioral observations in the OF were carried out 20-23 hours after CsA administration in

the group receiving the pharmacological immunosuppression. Therefore, rats of all groups

were transferred in their home cages from the animal facility to a lab provided for this

purpose. After acclimatization, rats were placed individually in the center of a round, black-

colored polyethylene open field (80 cm diameter, 25 cm height, 0.4 cm wall thickness) and

observed for two minutes without disturbance. The following behavioral parameters were

then rated using scores adapted from Hönack and Löscher (1995) as described recently

(Handreck et al., submitted): Hypolocomotion (0, not observable; 1, tendency towards

decreased locomotion; 2, clearly decreased locomotion with many breaks; 3, no forward

movement), hyperlocomotion (0, not observable; 1, tendency towards increased

locomotion; 2, clearly increased locomotion; 3, highly increased locomotion and hectic

movements without any breaks), and ataxia (0, not observable; 1, slight ataxia with weak

stagger; 2, clear ataxia with loss of balance during forward movement; 3, permanent loss of

righting reflex despite the attempt to move forward). Tremor, head swaying, circling,

stereotyped sniffing, straub tail, piloerection, and flat body posture were additionally scored

(0, not observable; 1, suspicious; 2, observable; 3 intense).

Subsequently, the hyperexcitability test was carried out to detect differences in behavioral

excitability and sensory responsiveness between the different study groups (Moser et al.,

1988). In the approach-response test, a pen is moved slowly and vertically towards the nose

of the rat and the response was scored as 1, no reaction; 2, sniffing at the pen; 3, moving

away from the pen; 4, freezing; 5, jumping away from the pen; 6, attacking the pen. In the

touch-response test, the rat is gently touched at the rump with the blunt end of a pen

(response score: 1, no reaction; 2, turning slowly towards the pen; 3, moving away from the

pen; 4, freezing; 5, jerking around towards the touch; 6, turning away from the touch; 7,

jumping with or without vocalization). In the finger snap test, a standardized click noise is

triggered above the back of the rat (response score: 1, no reaction; 2, normal reaction

(moderate jumping, freezing, flinching, or flicking the ear); 3, intense jumping). In the pick-



STUDY 3: PORCINE CELL GRAFTING AND INDUCTION OF TOLERANCE

73

up test, the rat is grasped around the body and lifted up slightly (response score: 1, very

easy; 2, easy with vocalizations; 3, rearing and turning towards the hand; 4, avoiding the

hand and trying to escape; 5, intense jumping; 6, attacking the hand).

Additionally, the abdominal muscle tone was tested by palpating the abdomen of the rat (0,

decreased; 1, normal; 2, increased), the number of solid feces boli was counted, and the

consistency of the feces was rated (0, solid; 1, soft; 2, diarrhea). Finally, the rectal body

temperature and the body weight of the rats were measured.

4.3.7.2 Elevated Plus Maze Test

Starting 1.5 hours after administration of CsA in the group receiving the pharmacological

immunosuppression, rats of all groups were transferred in their home cages to a behavioral

lab, where the EPM test was carried out. The EPM is an established test for assessing

anxiety-like behavior in rodents (File and Day, 1972). Additionally, we used this test to

quantify and evaluate the locomotion of the rats more precisely than this has been done

previously by observing and scoring them in the open field (Handreck et al., submitted).

The EPM was made of black polyethylene plastic and consisted of two open arms (50 cm ×

14 cm), two enclosed arms (50 cm × 14 cm × 30 cm; wall thickness 0.9 cm), and a central

platform (14 cm ×14 cm). The apparatus was elevated 86 cm above floor level and was

illuminated with 77—94 lx at the surface of the open arms and 13 lx in the closed arms.

Before each trial, the EPM was cleaned thoroughly with 0.1% acetic acid solution.

At the beginning of the trial, each rat was placed on the central platform always facing the

same open arm. Each trial lasted 5 minutes. The behavior of rats was analyzed using the

EthoVision 7.0 Software (Noldus Information Technology, Netherlands). The following

parameters were measured: total distance moved (m) and velocity of movement (m/s) to

measure horizontal locomotor activity, time spent in the different sections (open arms,

closed arms, center), number of entries into every section, and latency time until first entry

into a closed or open arm to measure anxiety-like behavior. Additionally, we manually

investigated the number and duration of head dips over the edge of the open arms as well

as the number and duration of rearing in every section to measure vertical locomotor

activity.
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4.3.8 Histological Verification of Graft Localization

At the end of the study period, i.e. 3 months after grafting, all rats were deeply anesthetized

with chloral hydrate (AppliChem GmbH, Darmstadt, Germany) and transcardially perfused

with 100–150 ml of 0.01 M PBS (pH 7.6) followed by about 240 ml of 4% paraformaldehyde

in 0.2 M phosphate buffer (PB) (pH 7.6). The brains were removed and cryoprotected in 10%

sucrose in 0.1 M PB (pH 7.6), followed by 30% sucrose 1–3 days later, and stored at 4°C.

Three series of coronal sections were cut at 40 µm on a freezing microtome (Leica

Microsystems GmbH, Wetzlar, Germany). One series was Nissl stained with thionine (Sigma-

Aldrich) for verification of transplantation sites. The remaining two series were frozen at -

20°C and stored for upcoming detailed immunohistochemical analysis and measurement of

graft volume.

4.3.9 Statistical Analysis

Statistical analysis of data was performed depending on whether data were normally

distributed or not. Data of PTZ seizure thresholds, EPM parameters, body weight, and body

temperature were normally distributed, as verified with the Kolmogorov-Smirnov and the

D’Agostino and Pearson tests. To detect putative intergroup differences at each time-point,

data were analyzed by using one-way analysis of variance (ANOVA) followed by Dunnett´s

multiple comparison tests. To detect changes of PTZ seizure thresholds over time within

each group (time-points after cell transplantation were compared to control threshold), one-

way ANOVA analysis was used followed by Dunnett´s test. Because of missing data due to

death of animals or paravenous PTZ infusion, we did not use repeated measurement

analyses of seizure thresholds. Putative differences of EPM parameters, body weight, and

body temperature between the two investigated time-points were analyzed by using paired

t-tests.

Non-parametric data of behavioral scores were analyzed using Kruskal–Wallis ANOVA

followed by Dunn´s multiple comparison test to detect intergroup differences. Changes

between the time-points within each group were analyzed using the Wilcoxon signed rank

test. All statistical analyses were performed with the Prism 5.03 software from GraphPad (La

Jolla, CA, USA). All tests were used two-tailed and a value of p ≤ 0.05 was considered

significant.
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4.4 Results

4.4.1 Localization of Grafted pNPCs

Localization of transplants was analyzed 3 months after implantation in individual rats (Fig.

1). Transplants were localized bilaterally within the STN (Graft group, n = 13; CsA+Graft

group, n = 13; Tol+Graft group, n = 14), unilaterally within the STN (Graft group, n = 3;

CsA+Graft group, n = 4; Tol+Graft group, n = 3), or bilaterally outside the STN (Graft group, n

= 3; CsA+Graft group, n = 2; Tol+Graft group, n = 1). Some animals could not be included in

final analysis due to different reasons (Graft group, n = 1 repeated paravenous PTZ infusion;

CsA+Graft group, n = 1 graft only detectable in one hemisphere; Tol+Graft group, n = 2 false

density of transplanted cell suspension).

In rats, in which the grafts were placed unilaterally outside the STN, the transplants were

found dorsal to the STN within the zona incerta (n = 1 for Graft group, n = 3 for CsA+Graft

group), lateral to the STN (n = 1 for Graft group), or anterior to the STN (n = 1 for Graft

group, n = 1 for CsA+Graft group, n = 3 for Tol+Graft group). In cases in which the grafts were

bilaterally placed outside the STN, the transplants were found dorsal to the STN within the

ventral posteromedial nucleus (n = 1 for Graft group), anterior to the STN (n = 2 for Graft

group, n = 1 for CsA+Graft group, n = 1 for Tol+Graft group), or at different locations on both

sides (n = 1 lateral to the STN left and zona incerta right for CsA+Graft group).

4.4.2 Basal (control) PTZ Seizure Thresholds

The PTZ seizure thresholds before transplantation (control) did not differ (p = 0.095 for

myoclonic twitch, p = 0.087 for clonic twitch) between tolerance-induced rats and rats of the

three other study groups (CsA, Graft, Graft+CsA) after determination of the control seizure

threshold. PTZ seizure thresholds for induction of the first myoclonic twitch before

transplantation were 19.59 ± 0.6 mg/kg for the Graft group, 20.09 ± 0.62 mg/kg for the

CsA+Graft group, 19.86 ± 0.66 mg/kg for Tol+Graft group, and 19.73 ± 0.78 mg/kg for CsA

group. PTZ seizure thresholds for induction of clonic seizures before transplantation were

22.65 ± 0.71 mg/kg for the Graft group, 23.25 ± 0.8 mg/kg for the CsA+Graft group, 22.81 ±

0.61 mg/kg for the Tol+Graft group, and 23.57 ± 0.51 mg/kg for the CsA group.
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4.4.3 Anticonvulsant Effects of pNPC Transplantation in the PTZ Seizure Threshold Test

In line with recent preliminary findings (Backofen-Wehrhahn et al., manuscript in

preparation), bilateral transplantation of pNPCs into the STN caused a significant increase of

mean seizure thresholds for induction of the clonic seizure 10/11 days after grafting

compared to the control value in all grafted groups (Fig. 2B). Compared to control clonic

seizure thresholds, the seizure thresholds were raised to 128 ± 4.9% in the Graft group (p <

0.001), 123.8 ± 7.1% in the CsA+Graft group (p < 0.01), and to 125.2 ± 3.4% in the Tol+Graft

group (p < 0.001). Furthermore, the clonic seizure thresholds of these groups were

significantly higher compared to the mean clonic seizure threshold of the CsA group 10/11

days after grafting (p < 0.01 for Graft group, p<0.05 for Graft+CsA and for Graft+Tol group).

Animals of the CsA group showed stable seizure thresholds over the entire study period.

Only rats of the Tol+Graft group showed an additional delayed increase of clonic seizure

thresholds (116.3 ± 7.9%) 5 weeks after bilateral transplantation into the STN compared to

the control value before grafting (p<0.05) (Fig. 2B).

Figure 2: Relative means and SEM of pentylenetetrazole (PTZ) seizure thresholds for induction of (A) myoclonic twitch and
(B) clonic seizure before and at different times after bilateral grafting of porcine neuronal progenitor cells into the
subthalamic nucleus (STN) of rats immunosuppressed with cyclosporine A (CsA+Graft), neonatally tolerance-induced
(Tol+Graft), or without immunomodulation (Graft), as well as in immunosuppressed rats without cell transplantation (CsA).
Control seizure thresholds were set to 100%. Sample sizes are given within the bars. Seizure thresholds of the clonic seizure
were significantly increased in all groups receiving cell grafts after 10/11 days (10/11 d) compared to control values and
compared to non-grafted rats. Note that 5 weeks (wk) after grafting, only tolerance-induced rats showed significantly
increased seizure thresholds. Mo, months. (Differences within each group over time, *p < 0.05; **p < 0.01, ***p < 0.001;
Intergroup differences, °p < 0.05, °°p < 0.01; one-way ANOVA and Dunnett´s posttest).
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In contrast to clonic seizure thresholds, the thresholds for induction of myoclonic twitches

were not robustly increased by grafting pNPCs into the STN. Increases of the myoclonic

twitch seizure thresholds by more than 10% at 10/11 days after grafting were only observed

in the Tol+Graft group (116.6 ± 5.5%) and in the Graft group (113.2 ± 4.2%), the latter of

which reached statistical significance (p < 0.05) (Fig. 2A).

Even unilateral transplantation of pNPCs into the STN raised the mean clonic seizure

thresholds 10/11 days after grafting in rats of the Graft group (141.7 ± 6.7%; p < 0.01) and of

the CsA+Graft group (146.6 ± 9.9%; p < 0.01) (not illustrated). Additionally, at that time

clonic seizure thresholds of both groups were significantly higher than in the CsA group (p <

0.01 each). Thresholds for induction of first myoclonic twitch were neither altered over time,

nor were they different between the groups after unilateral grafting into the STN. Due to low

animal numbers, the seizure thresholds of rats in which grafts were located bilaterally

outside the STN could not be statistically analyzed (data not shown).

4.4.4 Behavioral Tests

Only rats, in which pNPCs were grafted bilaterally into the STN, were included in the

statistical analyses of body weight, body temperature, and behavioral parameters

investigated in the OF and EPM, so that the animal numbers for evaluation of these

parameters were: Graft group, n = 13; CsA+Graft group, n = 13; Tol+Graft group, n = 14.

4.4.4.1 Body Weight and Body Temperature

During the first behavioral test day (before cell grafting; Fig. 1), rats had a mean body weight

of 217.5 ± 1.95 g. Since rats were randomly distributed to the different study groups, body

weights did not differ significantly between the groups (p = 0.277). During the second

behavioral test day, i.e. about 2 weeks after cell grafting, the body weight of rats significantly

increased in all animal groups compared to control values (p < 0.001 in all groups, Fig. 3A).

There were no intergroup differences in body weight.

The mean body temperature of the rats was 38.2 ± 0.07°C at the first behavioral test day,

without significant differences between the groups (p = 0.606). After grafting, the body

temperature decreased in animals of the Graft group (37.8 ± 0.1°C) and the CsA+Graft group

(37.3 ± 0.1°C) compared to control value (p < 0.01 and p < 0.001, respectively). No significant
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drop in body temperature was observed in the Tol+Graft group (37.9 ± 0.1°C). Intergroup

comparisons revealed, that 2 weeks after grafting the body temperature in the CsA+Graft

group was significantly lower than in the Graft (p < 0.01) and Tol+Graft group (p < 0.001)

(Fig. 3B).

4.4.4.2 Behavior in the Open Field

In order to detect putative adverse effects of the cell transplantation or the different

immunomodulatory protocols, we conducted a set of behavioral observations including a

hyperexcitability test, and we analyzed the abdominal muscle tone and counted the number

of feces boli. None of these parameters revealed significant differences between the study

groups or within each group before and 2 weeks after grafting of pNPCs (data not

illustrated). Only the occurrence of diarrhea significantly increased after 2 weeks CsA

treatment in comparison to control value (p < 0.05) and compared to tolerance-induced rats

(p = 0.05) (Fig. 3C).

4.4.4.3 Behavior in the Elevated Plus Maze

In the EPM, we found the total distance moved and the movement velocity to be

significantly reduced (p < 0.05 both) 2 weeks after grafting in rats treated with CsA

Figure 3: Body weight and body temperature shown as means and SEM, and consistency of feces shown as scatter blot
with median and interquartile range. Sample sizes were n = 13 for rats grafted without immunomodulation (Graft), n = 13
for rats grafted and immunosuppressed with cyclosporine A (CsA+Graft), and n= 14 for rats grafted and neonatally
tolerance-induced (Tol+Graft). (A) Body weight significantly increased in all groups 2 weeks after grafting compared to pre-
transplantation control value. (B) Body temperature decreased 2 weeks after grafting in the Graft group and in the
CsA+Graft group. Rats of the CsA+Graft group showed a significantly lower body temperature than the other groups. (C) In
rats treated 2 weeks with CsA, diarrhea occurred significantly more frequent compared to control and compared to rats
from the Tol+Graft group. (Differences within each group over time, *p < 0.05; **p < 0.01, ***p < 0.001, paired t-test or
Mann-Whitney U-test, respectively; Intergroup differences, °p < 0.05, °°p < 0.01, One-way ANOVA or Kruskal-Wallis ANOVA,
respectively).
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(CsA+Graft group) compared to the control value before grafting (Fig. 4A-B). The following

parameters were therefore normalized to 10 m distance moved: Number of entries and time

spent in the closed arms, open arms, and center. The time spent in the open arms was

significantly reduced 2 weeks after grafting in rats of the Graft group (p < 0.05) and the

CsA+Graft group (p < 0.01), the latter of which also spent more time in the closed arms (p <

0.05) (Fig. 4C and E).

Figure 4: Means and SEM of parameters investigated in the elevated plus maze test before (control) and 2 weeks after
grafting of porcine neuronal progenitor cells bilaterally into the STN. Sample sizes were n = 13 for rats grafted without
immunomodulation (Graft), n = 13 for rats grafted and immunosuppressed with cyclosporine A (CsA+Graft), and n= 14 for
rats grafted and neonatally tolerance-induced (Tol+Graft). Rats treated with CsA showed a reduction in (A) the total
distance moved and (B) the movement velocity 2 weeks after grafting compared to control values. Therefore, the following
parameters were normalized to 10 m distance moved: time spent in open and closed arms, and entries into open and
closed arms. Two weeks after grafting, CsA-treated rats showed a decrease in (C) time spent in open and (E) closed arms,
(G) duration of head dipping, (H) number of head dips, and (J) number of rearing in closed arms. The parameters (D) entries
into open and (F) closed arms, (I) duration of rearing in closed arms, and (K) latency to first entry into open arms were not
altered over time or between groups. (Differences between the time-points within each group, *p<0.05; **p<0.01, paired
t-test; Intergroup differences, °p<0.05, one-way ANOVA and Dunnett´s posttest).
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The number of entries into the open and closed arms, respectively, did not differ between

the groups or over time (Fig. 4D and F). Animals of the CsA+Graft group not only showed a

decreased duration of dipping 2 weeks after grafting compared to the control value (p <

0.05), but also compared to animals of the Tol+Graft group (p < 0.05) (Fig. 4G). Additionally,

the number of dipping was reduced 2 weeks after grafting in the CsA+Graft group (p < 0.05)

(Fig. 4H). Even though the duration of rearing in the closed arms did not change significantly

over time, the number of rearing was lower 2 weeks after grafting in animals of the Graft

group (p < 0.05) and in animals of the CsA+Graft group (p < 0.01) (Fig. 4I and J). The latency

of first entrance in one of the open arms of the maze (Fig. 4K), the number of entries into

the center, the time spent in the center, and the number and duration of rearing in the

center and in the open arms did not change over time and were not different between

groups (data not illustrated).

4.5 Discussion

The present data show that the neonatal induction of tolerance is a safe and feasible

immunomodulatory strategy for grafting pNPCs in experimental epilepsy research: (1)

Grafting pNPCs into the STN of tolerance-induced rats resulted in clearly extended

anticonvulsant effects compared to CsA-treated or non-immunomodulated rats.

Furthermore, (2) the neonatal induction of tolerance did not cause any obvious adverse

effects, whereas (3) a pharmacological immunosuppression with CsA caused diarrhea, a

reduced body temperature, and a decreased locomotion and exploration behavior of the

animals.

4.5.1 Anticonvulsant Efficacy of pNPCs Grafted into the STN

Confirming recent preliminary data of our group (Backofen-Wehrhahn et al., manuscript in

preparation), grafting in vitro cultured mesencephalic pNPCs into the STN of rats caused

anticonvulsant effects in the present study. These findings are in line with a recent

transplantation study of our group, in which we showed for the first time that grafting

GABAergic cell lines into the STN induced anticonvulsant effects in rats (Handreck et al.,

2014).
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In the present study, anticonvulsant effects were observed in all treatment groups after

grafting into the STN, including animals without immunomodulation. This was rather

unexpected, because a xenotransplantation of porcine tissue has often been shown to cause

a strong T-cell mediated rejection response and also a humoral immune response and an

activation of the complement system (Pakzaban and Isacson, 1994; Brevig et al., 2000;

Cascalho and Platt, 2001; Barker and Widner, 2004). In a rat model of Parkinson’s disease,

Barker et al (2000) observed that pNPCs from ventral mesencephalon grafted into the

striatum of non-immunosuppressed rats maturated to dopaminergic cells and showed

porcine-specific neurofilament fibers until 10 days after transplantation despite the lack of

immunomodulation. Markers for an ongoing immune response were clearly detectable. Only

21 days after grafting, the cells were rejected (Barker et al., 2000). This might explain the

initial anticonvulsant effect observed in the present study 10/11 days after grafting pNPCs in

non-immunomodulated rats. Similar to the lack of cell survival 3 weeks after grafting in the

study of Barker and colleagues (2000), we could not observe anticonvulsant effects 3 weeks

after grafting in non-immunomodulated rats, indicating that the pNPCs have been rejected

at this time.

CsA-treated animals showed similar initial anticonvulsant effects as non-immunomodulated

animals. Following discontinuation of the CsA treatment after 15 days, the seizure

thresholds went back to the pre-transplantation value 3 weeks after grafting, again

indicating a rejection of the transplanted pNPCs in the absence of the pharmacological

immunosuppression. Three months after grafting we could not observe obvious signs of host

tissue reactions at the transplantation site in the different groups. At that time, the graft

rejection process probably was completely terminated. However, specific

immunohistochemical staining to detect cellular immune responses will be conducted in

further investigations.

In contrast to CsA-treated rats or rats without immunomodulation, tolerance-induced

animals showed a delayed increase of seizure thresholds 5 weeks after grafting in addition to

the initial elevation of chronic seizure thresholds 10/11 days after transplantation. It has to

be further investigated using immunohistological methods, if the delayed anticonvulsant

effect is due to a successful integration of grafted pNPCs protected by tolerance induction.

Although the neonatal induction of tolerance clearly prolongs the anticonvulsant effects of
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grafting pNPCs into the STN, the observed effects were still transient. The strategy of

neonatal tolerance induction has been reported to promote graft survival of human and

mice neuronal precursor cells up to 12 weeks after transplantation into the striatum of rats

(Kelly et al., 2009). Therefore, upcoming immunohistochemical investigations have to show

whether the grafted pNPCs were rejected by the host or if the cells survived until the end of

the study but no longer act anticonvulsant due to different reasons such as a reduced GABA-

expression.

Porcine ventral mesencephalic precursor cells are typically used for cell replacement

approaches in experimental Parkinson’s disease models and in clinical trials involving human

Parkinson’s disease patients (HogenEsch et al., 2000; Larsson et al., 2000; Larsson and

Widner, 2000; Larsson et al., 2001; Wennberg et al., 2001; Armstrong et al., 2003). These

cells, when grafted as primary cells, develop a dopaminergic phenotype after transplantation

(Armstrong et al., 2003). However, as shown by Wegner and colleagues, cells isolated from

the whole mesencephalon develop into GABAergic cells during in vitro culturing (Wegner et

al., 2008; Wegner et al., 2009), rendering them an interesting cell type for

neurotransplantation in epilepsy.

The observed anticonvulsant effects after grafting pNPCs in the present study are thus most

likely based on a GABAergic differentiation of these cells resulting in an inhibition of the STN.

As indicated by several pharmacological studies, an inhibition of the STN reduces the

excitatory input to the SNr and thus leads to an indirect inhibition of the SNr, thereby

causing anticonvulsant effects (Deransart et al., 1996; Velísková et al., 1996; Deransart et al.,

1998; Dybdal and Gale, 2000; Gale et al., 2008; Bröer et al., 2012). Furthermore, the STN has

additional connections to other brain regions such as the cortex, the entopeduncular

nucleus, and the pedunculopontine nucleus (Dybdal and Gale, 2000; Degos et al., 2008; Gale

et al., 2008; Bröer et al., 2012). This might explain in part the anticonvulsant efficacy of

unilaterally grafted pNPCs into the STN of rats. Similarly, unilateral transplantations of

GABAergic cell lines (Handreck et al., 2014) and unilateral microinjections of muscimol

(Velísková et al., 1996) into the STN were shown to induce anticonvulsant effects as well.

Velísková and colleagues hypothesized that unilaterally misplaced muscimol diffuses from

surrounding regions into the STN, thereby adding to the effects from the correctly placed

side. For neurotransplantations this is rather unlikely, because the bilateral transplantation
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of GABAergic cell lines into regions outside the STN was not anticonvulsant in our previous

study (Handreck et al., 2014). On the other hand, neural precursor cells in general have a

high potential of migration and were shown to migrate up to several millimeters into other

brain regions after transplantation (Olsson et al., 1997; Anderson et al., 2001; Alvarez-

Dolado et al., 2006). Further studies should clarify this issue.

4.5.2 Adverse Effects caused by CsA treatment

In CsA-treated rats, a wide range of unwanted adverse effects was detected. In contrast, we

did not observe any adverse effects in animals that were neonatally tolerance-induced.

Although all treatment groups showed a normal weight gain after transplantation, diarrhea

was observable in animals treated with CsA, what is in line with previous findings (Handreck

et al., submitted). Since CsA is known to damage the gastro-intestinal tract and to increase

the risk of infections (Rosendal et al., 2005), this adverse effect was expected. Furthermore,

all treatment groups had a more or less reduced body temperature two weeks after grafting,

which may be explained by the fact that the animals had a reduced stress level when being

in the OF for the second time. However, the body temperature of CsA-treated animals was

even lower than in the other groups. These findings are also in line with our recent study

evaluating different CsA treatment regimens with respect to their safety and feasibility

(Handreck et al., submitted). As reported previously, CsA interferes with the

thermoregulation and can lead to hypothermia (Dantzer et al., 1987).

Apart from these physiological interferences, CsA is known to be neurotoxic in human

patients and in rodents (Famiglio et al., 1989; Gijtenbeek et al., 1999; Bechstein, 2000;

Wijdicks, 2001; Serkova et al., 2004). CsA can cross the blood-brain-barrier by causing direct

endothelial damage (Lane et al., 1988; Bronster et al., 1999; Dohgu et al., 2000; Wijdicks,

2001) or by inhibiting the function and expression of P-glycoprotein (Kochi et al., 1999;

Syvänen et al., 2006). The reduced locomotion and horizontal as well as vertical exploration

of CsA-treated rats observed in the present study might be related to the neurotoxic effects

of the CsA treatment. Alterations in the activity of calcineurin or regulators of calcineurin

(Liu et al., 2013), oxidative stress, and inhibition of mitochondrial function might induce

neurotoxic effects (Christians et al., 2004; Klawitter et al., 2010). It is interesting to note that

other studies reported spontaneous hyperactivity in normal rats after CsA injection
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(Borlongan et al., 1995; Borlongan et al., 1999). However, this discrepancy may be explained

by the use of different CsA preparations and gender in their investigations and our study.

Additionally, the reduced locomotion and exploration may indicate development of

increased anxiety-related behavior or depression. As reported by Chen and colleagues

(2010), depressive symptoms can be induced by a down-regulation of the brain-derived

neurotropic factor and its receptor tyrosine kinase receptor B in the hippocampus of rats

after chronic treatment with CsA. However, the reduced locomotion and exploration could

also be based on the gastrointestinal problems of the animals, thus resulting in a general

discomfort.

4.6 Conclusion

The present findings indicate that the neonatal induction of tolerance can be preferred over

a pharmacological immunosuppression with CsA. In line with previous studies (Kelly et al.,

2009; Zhang et al., 2013), this immunomodulatory strategy seems to promote neural graft

survival and clearly prolonged the anticonvulsant effects induced by transplantation of

pNPCs into the STN, without causing adverse effects. However, the observed effects were

transient and other studies even reported a failure of this strategy (Janowski et al., 2012;

Roberton et al., 2013). The efficacy of the neonatal tolerance induction to prevent graft

rejection seems to be dependent on several factors, such as the host species, donor cell

type, and maybe the target region within the host. Our promising data on neonatal induction

of tolerance and the use of pNPCs for xenotransplantation studies in epilepsy research merit

further investigations.
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5 GENERAL DISCUSSION

The main findings of the studies presented in this work are (1) neurotransplantation of

GABAergic cell lines and pNPCs into the STN of rats induced anticonvulsant effects, which (2)

were observed even after unilateral transplantation into the STN, and (3) were in part

stronger and longer-lasting than previously observed after grafting the same GABAergic cell

lines into the SNr using a different epilepsy model (Nolte et al., 2008). Furthermore, we

showed that (4) a neonatal induction of immunological tolerance towards pNPCs prolonged

anticonvulsant effects induced by grafting of pNPCs into the STN. (5) The pharmacological

immunosuppression with different preparations of CsA did not robustly affect seizure

thresholds in the acute PTZ seizure threshold test and in the chronic amygdala-kindling

model, but (6) was associated with reversible adverse effects such as reduced locomotion

and diarrhea. These are the first studies showing anticonvulsant effects of neural

transplantations into the STN in epilepsy research.

5.1 Anticonvulsant Efficacy of GABAergic Cell Lines and Porcine Neuronal

Precursor Cells Transplanted into Rats

5.1.1 Anticonvulsant Effects of a Bilateral Neurotransplantation into the Subthalamic

Nucleus

For neural transplantation into the STN, we used GABAergic cell lines from rats and pNPCs.

Both cell types caused clear anticonvulsant effects after grafting into the STN of rats. It can

be assumed that these anticonvulsant effects are at least in part the result of an indirect

inhibition of the SNr. In vitro studies indicated that the immortalized cells produce and

release GABA (Giordano et al., 1993; Conejero-Goldberg et al., 2000) and also the pNPCs

were shown to develop a GABAergic phenotype when cultivated prior to transplantation

(Wegner et al., 2008; Wegner et al., 2009). After transplantation, the cells can be thought to

inhibit STN neurons, resulting most likely in an inhibition of downstream SNr neurons due to

reduced excitatory input from the STN (Dybdal and Gale, 2000; Löscher et al., 2008).

A recent study of our group, in which vigabatrin was microinjection bilaterally into the brain

in the PTZ seizure threshold test, showed that a pharmacological inhibition of the STN
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Fig. 5: Schematic illustration of putative mechanisms underlying the anticonvulsant effects of a GABAergic cell
transplantation (GABAergic cell lines and porcine neuronal precursor cells) into the subthalamic nucleus (STN). The
indirect inhibition of the substantia nigra pars reticulata (SNr) by inhibiting the STN with GABA-producing cell grafts leads to
a disinhibition of downstream structures and anticonvulsant effects. Additionally, the effect of inhibiting the STN is
suggested to be additionally mediated via connections to other brain regions. GABA, γ-aminobutyric acid.

induced stronger anticonvulsant effects than the microinjection into the SNr or a systemic

administration of vigabatrin (Bröer et al., 2012). We now could extend these recent findings.

The bilateral transplantation of the GABAergic cell line M213-2O into the STN induced

stronger anticonvulsant effects than a transplantation into the SNr, although a direct

comparison is hampered by the fact that in the previous SNr study a different rat model was

used (Nolte et al., 2008). It is conceivable that an inhibition of the STN enhances the

anticonvulsant effects via mechanisms that are not only mediated via the SNr, but

additionally via glutamatergic projections to the cortex, the entopeduncular nucleus, and the

pedunculopontine nucleus (Fig. 5) (Dybdal and Gale, 2000; Degos et al., 2008; Gale et al.,

2008; Bröer et al., 2012; Gernert, 2013; Handreck et al., 2014).

5.1.2 Anticonvulsant Effects of an Unilateral Transplantation into the Subthalamic Nucleus

Interestingly and unexpectedly, even unilateral transplantation of GABAergic cell lines and

pNPCs, respectively, caused anticonvulsant effects at least 10 to 11 days after grafting. The

anticonvulsant effects of unilaterally grafted M213-2O cells were even longer-lasting (3
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weeks) than in the previous study of Nolte at al. (2008), in which the cells induced an

elevation of the generalized seizure threshold for only one week after grafting into the SNr in

kindled rats. This could be attributed to the STN as target region or to the PTZ seizure

threshold test for evaluating the effects, because this acute seizure model is especially

sensitive for manipulations of the GABAergic system (Löscher, 2009). As described above,

the more pronounced anticonvulsant effects after grafting into the STN are likely not only

mediated by inhibiting the SNr, but also by connections to other brain regions such as

cortex, entopeduncular nucleus, and pedunculopontine nucleus (Fig. 5) (Dybdal and Gale,

2000; Degos et al., 2008; Gale et al., 2008; Bröer et al., 2012; Gernert, 2013; Handreck et al.,

2014).

Comparable to the here presented results, an unilateral microinjection of muscimol into the

STN was sufficient to induce anticonvulsant effects in the flurothyl model (Velísková et al.,

1996). However, in that study muscimol was microinjected bilaterally, but with correct

placement within the STN in only one hemisphere. The group suggested that in the

hemisphere with the misplacement, muscimol may diffuse to the STN from regions

surrounding the STN, thereby causing anticonvulsant effects together with the hemisphere

with correct drug placement. For neurotransplantations this is rather unlikely, even more so

as we showed that a bilateral transplantation of the GABA-producing cell lines in regions

outside, but close to the STN (cerebral peduncle, zona incerta) did not induce anticonvulsant

effects (Handreck et al., 2014). However, neural precursor cells indeed have a high potential

of migration even after grafting into the adult brain (Olsson et al., 1997; Anderson et al.,

2001; Alvarez-Dolado et al., 2006).

It cannot be excluded that part of the observed anticonvulsant effects is a result of host

tissue reactions (as observed after grafting Clone 4 cells) or graft rejections (as assumed

after grafting pNPCs in non-immunomodulated rats). Indeed, the occurrence of absence

seizures was reduced after bilateral lesions of the STN with kainic acid in a genetic rat model

for absence epilepsy (Vercueil et al., 1998). However, Blandini et al. (2006) and Shehab et al.

(2006) did not report anticonvulsant effects in response to STN lesions.

In general, we could confirm the initial hypotheses that the bilateral (and also unilateral)

transplantation of GABA-producing cell lines as well as pNPCs into the STN results in

anticonvulsant effects in an acute seizure model and that these effects are even stronger
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and more long-lasting than after grafting the same GABAergic cell lines into the SNr, using a

different epilepsy model. Due to the fact that a transplantation of non-GABAergic cells into

the STN and a transplantation outside the STN did not induce anticonvulsant effects, we

could also prove that the observed effects are not only specific for the GABAergic cell lines

and pNPCs, but also for the STN as transplantation site.

5.1.3 Lack of Long-lasting Anticonvulsant Effects

Similar to previous studies targeting the SNr, the observed anticonvulsant effects after

unilateral and bilateral grafting of GABAergic cell lines and pNPCs into the STN were only

transient, even though the GABAergic cells could still be identified up to at least 5 weeks

after grafting via staining with bisbenzimide. This lack of long-lasting effects does most likely

not result from tumor formations. The GABAergic cell lines are of striatal origin from rats and

were immortalized using a temperature-sensitive oncogene (tsA58 of the SV40 large T

antigen). As a result, the cells proliferate at a temperature of 33°C and stop dividing at 39°C,

due to a conformational change of the large T protein (Giordano et al., 1993; Truckenmiller

et al., 1997). Therefore, the cells have a low risk of tumor formation. Even though the cells

were cultured at 33°C and only reached a warmer environment when grafted into the host

tissue (37°C), we could not observe any obvious signs of tumor formation. This is in line with

previous findings, in which staining for the tumor marker Ki67 did not indicate tumor

formations after grafting of these cell lines into the rat brain (Nolte et al., 2008). Also for the

transplanted pNPCs, tumor formations were not obvious. These cells were cultivated as

spheres without serum, which eliminates non-neuronal cells and thus lowers the risk of a

teratoma formation, as was shown with human precursor cells (Reubinoff et al., 2001).

Different conceivable reasons can be discussed for the transience of the anticonvulsant

effects. A tolerance towards the additionally produced and released GABA may have

developed, meaning that either the GABA synthesis could be reduced over time or the

expression of postsynaptic GABA receptors in host tissue could be down-regulated.

Furthermore, an insufficient supply with nutrients and oxygen, the limited space within the

densely packed STN, and an insufficient removal of metabolites may cause a continuous cell

death of the grafts. It was described earlier that the number of neocortical GABAergic cells

grafted into the striatum decreased over time (Bragin et al., 1993). In future studies, we will
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determine the graft volume after transplantation (Rosen and Harry, 1990) in order to

estimate the survival rate of the grafted cells.

5.2 Necessity, Efficacy, and Safety of an Immunomodulation for

Neurotransplantations in Experimental Epilepsy Research

The brain has long been regarded as an immunologically privileged site, because of the

isolation of the brain by the blood-brain-barrier and the presence of active efflux

transporters such as P-glycoprotein. Furthermore, a lack of antigen-presenting cells and

lymphatic vessels in the brain has been postulated. However, it is now known that activated

lymphocytes are able to cross the blood-brain-barrier. Additionally, in neurotransplantation

studies the transplantation procedure inevitable causes damage of the blood-brain-barrier

(Barker and Widner, 2004). Especially for xenotransplantations, an immunomodulation is

therefore essential to prevent graft rejection.

5.2.1 Tissue Reactions after Neurotransplantation of hGAD-overexpressing Cells

The transplantation of the hGAD-overexpressing cell line Clone 4 caused tissue reactions and

gliosis with different degrees of manifestations, which were not induced by M213-2O and

non-GABAergic 121-1I cells. This was observed in the study presented here (Handreck et al.,

2014) and in the study by Nolte et al. (2008). In previous studies using other animal models,

this reaction was not observed (Ross et al., 2002; Castillo et al., 2006; Castillo et al., 2008).

Therefore, Nolte et al. (2008) suggested that the graft rejections can be in part related to the

kindling model used in their study, because the kindling process itself has been shown to

induce microgliosis in the SNr (Ebert et al., 1996).

However, other factors must be additionally involved, because in our study tissue reactions

to Clone 4 cells could also be observed in naïve animals. A host immunoreaction against the

human GAD67, which is expressed by this cell line, may be a likely explanation. As shown in

diabetes research, this protein is a strong immunogen and can induce autoimmune diseases

in patients (Ludvigsson, 2009). Increased levels of antibodies against GAD were also detected

in some epilepsy patients (Vianello et al., 2002; Errichiello et al., 2009; Liimatainen et al.,

2010; Bien and Scheffer, 2011). Even though the Clone 4 cell line was originally isolated from
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the rat, meaning that an allotransplantation was performed in our study, the cells were

transfected and express the human antigen. Due to the overexpression, a leakage of hGAD is

conceivable. Thus, this antigen can be detected as non-self by the host’s immune system.

Likewise, the Epstein-Barr virus nuclear antigen 1 and the hygromycin resistance gene

expressed by Clone 4 cells could be further triggers for the immunoreaction, because they

represent further differences to the parent cell line M213-2O, which did not induce tissue

reactions after grafting.

5.2.2 Cyclosporine A does not Robustly Influence Seizure Thresholds

In humans, CsA is known to cause neurotoxicity including an increased susceptibility to

seizures (Bechstein, 2000; Serkova et al., 2004). On the other hand, CsA has neuroprotective

properties and thus has been suggested as a promising treatment approach for stroke

patients (Osman et al., 2011). In order to conduct xenotransplantation studies in

experimental epilepsy models under immunosuppressive treatment, the effect of CsA on the

respective models has to be properly evaluated. In fact, proconvulsant but also

anticonvulsant effects of CsA were observed in several different animal models for epilepsy

(Racusen et al., 1988; Famiglio et al., 1989; Racusen et al., 1990; Moia et al., 1994; Asanuma

et al., 1995a; Asanuma et al., 1995b; Shuto et al., 1999; Reubinoff et al., 2001; Fujisaki et al.,

2002; Homayoun et al., 2002; Santos and Schauwecker, 2003; Setkowicz et al., 2004;

Yamauchi et al., 2005; Setkowicz and Ciarach, 2007; Jung et al., 2012). However, since these

studies used different application routes, doses, and preparations of CsA, as well as

treatment regimens and epilepsy models, there is no definite immunosuppression protocol,

which can be safely used in epilepsy models. We therefore comprehensively compared the

effects of different CsA treatment regimens on seizure thresholds in the PTZ seizure test and

the kindling model, without observing robust pro- or anticonvulsant effects.

This was unexpected, because several different mechanisms for pro- or anticonvulsant

effects of CsA are discussed in the literature. For example, it could be demonstrated that

nitric oxide has proconvulsant properties (Proctor et al., 1997; Han et al., 2000) and is

increased in animal models for epilepsy (Elmer et al., 1996). During treatment with CsA, the

nitric oxide production is raised dose-dependently due to the inhibition of calcineurin in the

hippocampus and thereby inhibits GABAergic neurotransmission, resulting in proconvulsant
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effects (Fujisaki et al., 2002). This mechanism is supposed to be closely related to adverse

effects like tremor (Shuto et al., 1999). On the other hand, it is argued that the inhibition of

calcineurin by CsA reduces the neuronal excitability by enhancing the expression of GABAA-

receptors (Martina et al., 1996; Jung et al., 2012). Furthermore, CsA may act anticonvulsant

by decreasing the activity of nitric oxide synthetase (Homayoun et al., 2002) or by increasing

the excitability of hippocampal neurons (Wang and Wang, 2002).

Nevertheless, in animals treated subcutaneously with Sandimmune® (Novartis

Pharmaceuticals), no effects on seizure thresholds could be observed. Accordingly,

compared to the other treatment groups, the CsA whole blood concentration was the

lowest. In contrast, the intraperitoneal treatment with 10 mg/kg Sandimmune® induced the

highest CsA whole blood levels, thus showing the most effective resorption. Together with

the unaffected PTZ and kindling seizure thresholds during and after the immunosuppressive

treatment, the i.p. application of 10 mg/kg Sandimmune® seems to be the most feasible and

secure method for a chronic immunosuppression, when using the PTZ seizure test or the

amygdala-kindling model in rats.

5.2.3 Adverse Effects of Treatment with Cyclosporine A

Although we could establish an appropriate CsA treatment protocol, which is sufficiently

safe for the use in the PTZ seizure threshold test and the kindling model, it nevertheless

caused different adverse effects for the animals, which mainly comprised (1) diarrhea, (2)

tremor, (3) a decreased body temperature, (4) reduced locomotion, and (5) diminished

horizontal and vertical exploration. As hypothesized initially, rats immunomodulated by

neonatal induction of tolerance did not show any of the adverse effects observed in CsA-

treated rats.

Diarrhea was an expected adverse effect in the CsA-treated animals. Firstly, especially the

pure CsA solutions contained a high concentration of polyoxyethylene castor oil, and

secondly, it is known that CsA damages the gastro-intestinal tract and increases the risk of

infections (Rosendal et al., 2005). The mechanisms of CsA neurotoxicity probably underlying

most of the other adverse effects are not fully understood and multifactorial causes can be

discussed. Despite low penetration via the blood-brain barrier, high concentrations of CsA

and also CsA metabolites were found in the cerebral fluid in CsA-treated humans (Bronster



GENERAL DISCUSSION

96

et al., 1999). This is most likely the result of an increased permeability of the blood-brain

barrier due to direct endothelial damage (Lane et al., 1988; Dohgu et al., 2000; Wijdicks,

2001) or inhibition of the function and expression of P-glycoprotein (Kochi et al., 1999;

Syvänen et al., 2006). Neurotoxic effects during CsA treatment may partially be caused by

alterations in the activity of calcineurin and regulators of calcineurin (Liu et al., 2013). In

vitro experiments suggest that changes in the metabolism of glucose, caused by oxidative

stress and inhibition of mitochondrial function, may also induce neurotoxic effects

(Christians et al., 2004; Klawitter et al., 2010). In human patients, neurotoxic effects could be

linked to hypertension, liver dysfunction, and changes in the white matter (Bechstein, 2000;

Thompson et al., 2009). The development of tremor is closely related to proconvulsant

effects and most likely based on changes in the GABAergic neurotransmission (Shuto et al.,

1999). Tremor was shown to be more frequent at high doses of CsA but is nevertheless often

mild in humans (Gijtenbeek et al., 1999). Similarly, we also observed only mild tremor in the

CsA-treated animals. Noteworthy, vehicle-treated animals also showed adverse effects. In

vitro studies showed that polyoxyethylene castor oil itself can induce neurotoxic effects

including axonal swelling, degeneration and demyelination even at low doses (Windebank et

al., 1994).

With regard to the drop in body temperature we observed in CsA-treated rats, CsA is known

to interfere with thermoregulation and leads to hypothermia (Dantzer et al., 1987). It should

be noted that the observed reduction of body temperature as well as the tremor and the

reduced locomotion and exploration could also be related to a general indisposition caused

by gastrointestinal problems of the animals. Additionally, depressive symptoms were

reported after chronic treatment with CsA, maybe induced by a down-regulation of the

brain-derived neurotropic factor and its receptor tyrosine kinase receptor B in the

hippocampus (Chen et al., 2010).

Tolerance-induced rats did not show any physical impairments or behavioral alterations.

Therefore, at least regarding the adverse effects, the induction of neonatal tolerance is

preferable to a chronic CsA treatment as immunomodulatory strategy in

neurotransplantation studies.
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5.2.4 Comparison of Immunomodulatory Strategies to Promote and Prolong the

Anticonvulsant Efficacy of Grafted Porcine Neuronal Precursor Cells

In line with recent preliminary findings from our group (Backofen-Wehrhahn et al., 2014),

the transplantation of pNPCs into the STN caused anticonvulsant effects ten to eleven days

after grafting in all groups receiving these cells, i.e. in CsA-immunosuppressed rats, in

neonatally tolerance-induced rats, and in non-immunomodulated rats. Due to major

antigens, like galactose-α-1,3-galactose, xenotransplantations of porcine tissue typically

cause strong humoral rejection responses, which include an activation of the complement

system and natural killer cells (Pakzaban and Isacson, 1994; Brevig et al., 2000; Cascalho and

Platt, 2001; Barker and Widner, 2004), even though cultivated pNPCs showed a lower

immunogenic potential than primary tissue (Harrower et al., 2006).

Accordingly, in contrast to transiently immunosuppressed rats or rats without

immunomodulation, tolerance-induced animals showed an elevation of seizure thresholds

up to 5 weeks after grafting. However, similar to recent findings from other groups (Janowski

et al., 2012; Roberton et al., 2013), the induction of immunological tolerance towards pNPCs

was not sufficient to promote long-term anticonvulsant effects up to three months after

grafting the pNPCs. In further immunohistochemical investigations, we have to analyze

whether the grafted porcine tissue was immunorejected or if the cells survived until the end

of the study period 3 months after grafting, as indicated by Kelly et all. (2009). Therefore, we

will measure the graft volumes in all groups transplanted with pNPCs.

Using a rat model of Parkinson’s disease, Barker et al. (2000) showed that porcine ventral

mesencephalic cells grafted into the striatum of non-immunosuppressed rats were rejected

during the first days or weeks after transplantation. Until 10 days after transplantation, the

cells maturated to dopaminergic cells and even showed porcine-specific neurofilament fibers

even though an immune response could already be observed, which led to a complete loss

of porcine cells 21 days after grafting (Barker et al., 2000). This may explain the initial

elevation of seizure thresholds we observed 10/11 days after transplanting pNPCs in rats

that did not receive an immunomodulatory treatment. At this time-point, a sufficient

number of grafted cells may have been alive to induce an anticonvulsant effect. Similar to

the lack of surviving cells 3 weeks after grafting into the striatum as described in the study of
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Barker and collegues (2000), we could not observe anticonvulsant effects 3 weeks after

grafting pNPCs, indicating that the grafted cells have been rejected at this time.

As expected, in animals immunosuppressed with CsA over a period of 15 days,

anticonvulsant effects were also not observable anymore 3 weeks after grafting. At that

time, the seizure thresholds were back to the control level, again indicating a rejection of the

transplanted pNPCs in the absence of the pharmacological immunosuppression.

Noteworthy, the initial anticonvulsant effects in animals treated with CsA were not stronger

than in non-immunomodulated rats, in which the immune response can be expected to be

already activated and to induce some degree of graft rejection. The xenografts of

immunosuppressed animals are probably also slightly rejected despite treatment with CsA.

Indeed, a conventional pharmacological immunosuppression with CsA as monotherapy does

not entirely prevent graft rejection and immune responses (Larsson et al., 2000; Wennberg

et al., 2001). Despite immunosuppression, an infiltration with T-cells and macrophages was

reported for rats that received porcine precursor cell grafts into the striatum (Larsson et al.,

2000). Clinically, a triple therapy with CsA, azathioprine, and prednisolone in Parkinson’s

disease patients has been shown to sufficiently prevent immune reactions without causing

adverse effects (Widner, 1998; Barker and Widner, 2004). In animal models, a combined

therapy with CsA and prednisolone also reduced the immune response (Wennberg et al.,

2001).

5.3 Localization of the Neural Grafts – Methodical Issues

In general, the localization of the grafts was verified in 40 µm brain sections using thionine

staining. Some of the GABAergic grafts were preincubated with bisbenzimide, which

facilitated the exact localization. The staining with bisbenzimide was reported not to affect

the cell growth or survival rate (Castillo et al., 2008). Furthermore, it is unlikely that

astrocytes surrounding the grafted cells were also labeled with bisbenzimide by transcellular

transport or apoptotic DNA release (Aleksandrova et al., 2002; Lee et al., 2003; Castillo et al.,

2006).

The pNPCs were transfected to express the fluorescent protein tdTomato (Garrels et al.,

2011; Garrels et al., 2012). However, it was very difficult to detect grafted cells on the basis

of their fluorescence. This could be due to the fact that the intensity of the fluorescent signal
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decreased during the process of tissue preparation or based on a low survival rate of the

cells. Therefore, in further histological analyses we plan to perform specific

immunostainings, e.g. against the porcine-specific neuronal filament 70 (NF70), in order to

measure the graft volume and evaluate the survival of the xenografts (Rosen and Harry,

1990). Furthermore, we want to determine the portion of differentiation of pNPCs to

GABAergic cells, dopaminergic cells, or glial cells. Since the brain sections prepared for

immunohistochemistry are relatively thin, information about the migration, integration, and

interaction of the grafted pNPCs within the host tissue is difficult to obtain. As previously

reported, neural progenitors can migrate up to several millimeters within the host brain and

then functionally integrate into the existing network (Olsson et al., 1997; Anderson et al.,

2001; Alvarez-Dolado et al., 2006; Anderson and Baraban, 2012; Hovakimyan et al., 2012). It

would be elegant to image the transplantation site without slicing the brain and thereby

destroying the complex network between host tissue and grafted cells.

With CLARITY, Chung and colleagues (2013) developed a technique to obtain high-

resolution, three-dimensional images of intact, unsliced tissue. With this method, they were

able to transform a whole mouse brain into a completely transparent hydrogel-hybridized

form, which enabled them to image the whole brain and gain information about the three-

dimensional structure and (applying immunohistochemistry) specific cellular networks.

According to the authors, this technique can also be used for various tissues including small

tissue and brain slices (Chung and Deisseroth, 2013; Chung et al., 2013). Because a high

processing power is required to analyze larger tissues and because this technique is still

limited to tissues of the size of a mouse brain, it would be more feasible for the normal

routine work to investigate (up to several millimeter) thick brain sections instead of the

whole brain.

During a research stay in the lab of Dr. William J. Freed at the National Institutes of Health

(National Institute on Drug Abuse, Cellular Neurobiology Research Branch, Section on

Development and Plasticity, Baltimore, USA), I adapted the CLARITY protocol for use in small

tissue (Tab. 1, Supplements). Therefore, I used 3D cortical organoids that were similar to the

ones described by Lancaster et al. (2013). These organoids represent an in vitro model of

cortical development and resemble spheres built of human embryonic stem cells at different

levels of cortical differentiation (Lee et al., unpublished data, manuscript in preparation). I
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could successfully adapt the CLARITY protocol and image the complete 3D cortical organoids

without prior slicing (Fig. 6, Supplements). Since the cortical organoids have a size of at least

one millimeter, this adapted protocol could also be used for clearing thick brain sections, e.g.

after grafting pNPCs. For neurotransplantation studies, this technique would be a

tremendous enrichment in terms of imaging the grafted cells within the complex host tissue

and analyzing their migration and integration in the existing network.

5.4 Conclusions and Outlook

In a proof-of-principle study using GABAergic cell lines, we showed for the first time that the

STN is a well suited target region for neurotransplantations in epilepsy research. Likewise,

results from xenografting pNPCs into the STN emphasized the promising properties of the

STN as a target region in this respect. The fact that the STN is already clinically established as

a target region for neurosurgery adds to the advantages of the STN. However, despite long-

term survival of grafted cells, the anticonvulsant effects were only transient, comparable to

previous findings from graftings into the SNr.

In a first approach to solve this critical issue, we successfully prolonged anticonvulsant

effects of pNPCs grafted into the STN by neonatal induction of tolerance for the grafted cells.

Further studies are needed to evaluate, if this efficacy could be further prolonged by

applying tolerance induction in combination with a pharmacological immunosuppression as

a strategy to prevent graft rejection. The use of porcine cells for neurotransplantation clearly

merits further studies, because it raises less ethical concerns than the collection of tissue

from human fetuses. Even though zoonotic retroviral infections are a possible risk factor of

xenotransplantations in humans, in 160 patients suffering from different diseases, no

evidence of a retroviral infection was detectable in any of these patients after receiving

different kinds of porcine tissue grafts (Paradis et al., 1999). To prevent graft rejection,

humanized transgenic porcine tissue expressing the human complement inhibitor CD59 was

suggested to be a promising option for successful translation of xenotransplantations into

clinic (Cicchetti et al., 2003). Continuing the cooperation with Prof. Dr. H. Niemann (FLI,

Mariensee), we will additionally investigate different cell types from humanized pigs for

neurotransplantation in experimental epilepsies.



REFERENCES

101

6 REFERENCES

ADKINS B., JONES M., BU Y., LEVY R. B. (2004) Neonatal tolerance revisited again: specific CTL priming in
mouse neonates exposed to small numbers of semi- or fully allogeneic spleen cells. Eur J
Immunol 34:1901-1909.

AL-OTAIBI F. A., HAMANI C., LOZANO A. M. (2011) Neuromodulation in epilepsy. Neurosurgery 69:957-
979.

ALBALA B. J., MOSHÉ S. L., OKADA R. (1984) Kainic-acid-induced seizures: a developmental study. Brain
Res 315:139-148.

ALEKSANDROVA M. A., SABURINA I. N., POLTAVTSEVA R. A., REVISHCHIN A. V., KOROCHKIN L. I., SUKHIKH G. T.
(2002) Behavior of human neural progenitor cells transplanted to rat brain. Brain Res Dev Brain
Res 134:143-148.

ALEXANDER G. E., CRUTCHER M. D. (1990) Functional architecture of basal ganglia circuits: neural
substrates of parallel processing. Trends Neurosci 13:266-271.

ALVAREZ-DOLADO M., CALCAGNOTTO M. E., KARKAR K. M., SOUTHWELL D. G., JONES-DAVIS D. M., ESTRADA R.
C., RUBENSTEIN J. L., ALVAREZ-BUYLLA A., BARABAN S. C. (2006) Cortical inhibition modified by
embryonic neural precursors grafted into the postnatal brain. J Neurosci 26:7380-7389.

ALVAREZ-DOLADO M., BROCCOLI V. (2011) GABAergic neuronal precursor grafting: implications in brain
regeneration and plasticity. Neural Plast 2011:384216.

ANDERSON L., CALDWELL M. A. (2007) Human neural progenitor cell transplants into the subthalamic
nucleus lead to functional recovery in a rat model of Parkinson's disease. Neurobiol Dis 27:133-
140.

ANDERSON S. A., EISENSTAT D. D., SHI L., RUBENSTEIN J. L. (1997) Interneuron migration from basal
forebrain to neocortex: dependence on Dlx genes. Science 278:474-476.

ANDERSON S. A., MARIN O., HORN C., JENNINGS K., RUBENSTEIN J. L. (2001) Distinct cortical migrations from
the medial and lateral ganglionic eminences. Development 128:353-363.

ANDERSON S. A., BARABAN S. C. (2012) Cell Therapy Using GABAergic Neural Progenitors.

ANDO T., YOSHIKAI Y., MATSUZAKI G., TAKIMOTO H., NOMOTO K. (1991) The stage of negative selection in
tolerance induction in neonatal mice. Immunology 74:638-644.

ARMSTRONG R. J., TYERS P., JAIN M., RICHARDS A., DUNNETT S. B., ROSSER A. E., BARKER R. A. (2003)
Transplantation of expanded neural precursor cells from the developing pig ventral
mesencephalon in a rat model of Parkinson's disease. Exp Brain Res 151:204-217.



REFERENCES

102

ASANUMA M., NISHIBAYASHI S., KONDO Y., IWATA E., TSUDA M., OGAWA N. (1995a) Effects of single
cyclosporin A pretreatment on pentylenetetrazol-induced convulsion and on TRE-binding
activity in the rat brain. Brain Res Mol Brain Res 33:29-36.

ASANUMA M., OGAWA N., NISHIBAYASHI S., KONDO Y., MORI A. (1995b) Effects of repeated injection of
cyclosporin A on pentylenetetrazol-induced convulsion and cyclophilin mRNA levels in rat
brain. Neurochem Res 20:101-105.

BACKOFEN-WEHRHAHN B., PETERSEN B., BRÖER S., HANDRECK A., GEY L., LÖSCHER W., WEGNER F., NIEMANN H.,
GERNERT M. (2014) Mesencephalic fetal neuronal stem cells as a promising cell source for drug-
resistant epilepsies - A study in an acute seizure model. 5th International Congress on Stem
Cells and Tissue Formation, Dresden, Germany July 8-11.

BARABAN S. C., SOUTHWELL D. G., ESTRADA R. C., JONES D. L., SEBE J. Y., ALFARO-CERVELLO C., GARCIA-VERDUGO

J. M., RUBENSTEIN J. L., ALVAREZ-BUYLLA A. (2009) Reduction of seizures by transplantation of
cortical GABAergic interneuron precursors into Kv1.1 mutant mice. Proc Natl Acad Sci U S A
106:15472-15477.

BARKER R. A., RATCLIFFE E., MCLAUGHLIN M., RICHARDS A., DUNNETT S. B. (2000) A role for complement in
the rejection of porcine ventral mesencephalic xenografts in a rat model of Parkinson's
disease. J Neurosci 20:3415-3424.

BARKER R. A., WIDNER H. (2004) Immune problems in central nervous system cell therapy. NeuroRx
1:472-481.

BARTEN M. J., TARNOK A., GARBADE J., BITTNER H. B., DHEIN S., MOHR F. W., GUMMERT J. F. (2007)
Pharmacodynamics of T-cell function for monitoring immunosuppression. Cell Prolif 40:50-63.

BECHSTEIN W. O. (2000) Neurotoxicity of calcineurin inhibitors: impact and clinical management.
Transpl Int 13:313-326.

BENABID A. L. (2007) What the future holds for deep brain stimulation. Expert Rev Med Devices 4:895-
903.

BERG A. T., BERKOVIC S. F., BRODIE M. J., BUCHHALTER J., CROSS J. H., VAN EMDE BOAS W., ENGEL J., FRENCH J.,
GLAUSER T. A., MATHERN G. W., MOSHE S. L., NORDLI D., PLOUIN P., SCHEFFER I. E. (2010) Revised
terminology and concepts for organization of seizures and epilepsies: report of the ILAE
Commission on Classification and Terminology, 2005-2009. Epilepsia 51:676-685.

BIEN C. G., SCHEFFER I. E. (2011) Autoantibodies and epilepsy. Epilepsia 52 Suppl 3:18-22.

BILLINGHAM R. E., BRENT L., MEDAWAR P. B. (1953) Actively acquired tolerance of foreign cells. Nature
172:603-606.

BILLINGHAM R. E., BRENT L. (1956) Acquired tolerance of foreign cells in newborn animals. Proc R Soc
Lond B Biol Sci 146:78-90.



REFERENCES

103

BJÖRKLUND A., LINDVALL O. (2000) Cell replacement therapies for central nervous system disorders. Nat
Neurosci 3:537-544.

BJÖRKLUND A., KORDOWER J. H. (2013) Cell therapy for Parkinson's disease: what next? Mov Disord
28:110-115.

BLANDINI F., FANCELLU R., ARMENTERO M. T., TASSORELLI C., GRECO R., FORNAI F., NAPPI G. (2006) Unilateral
lesion of the subthalamic nucleus enhances cortical fos expression associated with focally
evoked seizures in the rat. Brain Res 1101:145-150.

BOLAM J. P., HANLEY J. J., BOOTH P. A., BEVAN M. D. (2000) Synaptic organisation of the basal ganglia. J
Anat 196 ( Pt 4):527-542.

BOON P., RAEDT R., DE HERDT V., WYCKHUYS T., VONCK K. (2009) Electrical stimulation for the treatment of
epilepsy. Neurotherapeutics 6:218-227.

BORLONGAN C. V., EMERICH D. F., HOFFER B. J., BARTUS R. T. (2002) Bradykinin receptor agonist facilitates
low-dose cyclosporine-A protection against 6-hydroxydopamine neurotoxicity. Brain Res
956:211-220.

BRAGIN A., TAKACS J., VINOGRADOVA O., GOGELIA K., HAMORI J. (1993) Age-related loss of GABA-positive
and GABA-negative neurons in neocortical transplants. J Neural Transplant Plast 4:53-59.

BREVIG T., HOLGERSSON J., WIDNER H. (2000) Xenotransplantation for CNS repair: immunological barriers
and strategies to overcome them. Trends Neurosci 23:337-344.

BRODIE M. J. (2010) Antiepileptic drug therapy the story so far. Seizure 19:650-655.

BRÖER S., BACKOFEN-WEHRHAHN B., BANKSTAHL M., GEY L., GERNERT M., LÖSCHER W. (2012) Vigabatrin for
focal drug delivery in epilepsy: bilateral microinfusion into the subthalamic nucleus is more
effective than intranigral or systemic administration in a rat seizure model. Neurobiol Dis
46:362-376.

BRONSTER D. J., CHODOFF L., YONOVER P., SHEINER P. A. (1999) Cyclosporine levels in cerebrospinal fluid
after liver transplantation. Transplantation 68:1410-1413.

BRUNDIN P., BARBIN G., ISACSON O., MALLAT M., CHAMAK B., PROCHIANTZ A., GAGE F. H., BJORKLUND A.
(1985a) Survival of intracerebrally grafted rat dopamine neurons previously cultured in vitro.
Neurosci Lett 61:79-84.

BRUNDIN P., NILSSON O. G., GAGE F. H., BJORKLUND A. (1985b) Cyclosporin A increases survival of cross-
species intrastriatal grafts of embryonic dopamine-containing neurons. Exp Brain Res 60:204-
208.

BRUNDIN P., NILSSON O. G., STRECKER R. E., LINDVALL O., ASTEDT B., BJORKLUND A. (1986) Behavioural
effects of human fetal dopamine neurons grafted in a rat model of Parkinson's disease. Exp
Brain Res 65:235-240.



REFERENCES

104

BRUNDIN P., STRECKER R. E., WIDNER H., CLARKE D. J., NILSSON O. G., ASTEDT B., LINDVALL O., BJORKLUND A.
(1988) Human fetal dopamine neurons grafted in a rat model of Parkinson's disease:
immunological aspects, spontaneous and drug-induced behaviour, and dopamine release. Exp
Brain Res 70:192-208.

CASCALHO M., PLATT J. L. (2001) The immunological barrier to xenotransplantation. Immunity 14:437-
446.

CASTILHO R. F., HANSSON O., BRUNDIN P. (2000) FK506 and cyclosporin A enhance the survival of
cultured and grafted rat embryonic dopamine neurons. Exp Neurol 164:94-101.

CASTILLO C. G., MENDOZA S., FREED W. J., GIORDANO M. (2006) Intranigral transplants of immortalized
GABAergic cells decrease the expression of kainic acid-induced seizures in the rat. Behav Brain
Res 171:109-115.

CASTILLO C. G., MENDOZA-TREJO S., AGUILAR M. B., FREED W. J., GIORDANO M. (2008) Intranigral transplants
of a GABAergic cell line produce long-term alleviation of established motor seizures. Behav
Brain Res 193:17-27.

CHANDLER K. (2006) Canine epilepsy: what can we learn from human seizure disorders? Vet J 172:207-
217.

CHEN C. C., HSU L. W., HUANG L. T., HUANG T. L. (2010) Chronic administration of cyclosporine A changes
expression of BDNF and TrkB in rat hippocampus and midbrain. Neurochem Res 35:1098-1104.

CHRISTIANS U., GOTTSCHALK S., MILJUS J., HAINZ C., BENET L. Z., LEIBFRITZ D., SERKOVA N. (2004) Alterations in
glucose metabolism by cyclosporine in rat brain slices link to oxidative stress: interactions with
mTOR inhibitors. Br J Pharmacol 143:388-396.

CHUNG K., DEISSEROTH K. (2013) CLARITY for mapping the nervous system. Nat Methods 10:508-513.

CHUNG K., WALLACE J., KIM S. Y., KALYANASUNDARAM S., ANDALMAN A. S., DAVIDSON T. J., MIRZABEKOV J. J.,
ZALOCUSKY K. A., MATTIS J., DENISIN A. K., PAK S., BERNSTEIN H., RAMAKRISHNAN C., GROSENICK L.,
GRADINARU V., DEISSEROTH K. (2013) Structural and molecular interrogation of intact biological
systems. Nature 497:332-337.

CICCHETTI F., FODOR W., DEACON T. W., VAN HORNE C., ROLLINS S., BURTON W., COSTANTINI L. C., ISACSON O.
(2003) Immune parameters relevant to neural xenograft survival in the primate brain.
Xenotransplantation 10:41-49.

CONEJERO-GOLDBERG C., TORNATORE C., ABI-SAAB W., MONACO M. C., DILLON-CARTER O., VAWTER M.,
ELSWORTH J., FREED W. (2000) Transduction of human GAD67 cDNA into immortalized striatal
cell lines using an Epstein-Barr virus-based plasmid vector increases GABA content. Exp Neurol
161:453-461.

COOK A. M., WHITLOW J., HATTON J., YOUNG B. (2009) Cyclosporine A for neuroprotection: establishing
dosing guidelines for safe and effective use. Expert Opin Drug Saf 8:411-419.



REFERENCES

105

CREMER C. M., PALOMERO-GALLAGHER N., BIDMON H. J., SCHLEICHER A., SPECKMANN E. J., ZILLES K. (2009)
Pentylenetetrazole-induced seizures affect binding site densities for GABA, glutamate and
adenosine receptors in the rat brain. Neuroscience 163:490-499.

DANTZER R., SATINOFF E., KELLEY K. W. (1987) Cyclosporine and alpha-interferon do not attenuate
morphine withdrawal in rats but do impair thermoregulation. Physiol Behav 39:593-598.

DE CARLOS J. A., LOPEZ-MASCARAQUE L., VALVERDE F. (1996) Dynamics of cell migration from the lateral
ganglionic eminence in the rat. J Neurosci 16:6146-6156.

DE SARRO G., MELDRUM B. S., REAVILL C. (1984) Anticonvulsant action of 2-amino-7-
phosphonoheptanoic acid in the substantia nigra. Eur J Pharmacol 106:175-179.

DE SARRO G., PATEL S., MELDRUM B. S. (1986) Anticonvulsant action of a kainate antagonist gamma-D-
glutamyl aminomethylsulphonic acid injected focally into the substantia nigra and
entopeduncular nucleus. Eur J Pharmacol 132:229-236.

DE SARRO G., DE SARRO A., MELDRUM B. S. (1991) Anticonvulsant action of 2-chloroadenosine injected
focally into the inferior colliculus and substantia nigra. Eur J Pharmacol 194:145-152.

DEGOS B., DENIAU J. M., LE CAM J., MAILLY P., MAURICE N. (2008) Evidence for a direct subthalamo-
cortical loop circuit in the rat. Eur J Neurosci 27:2599-2610.

DELONG M. R. (2000) Functional and pathophysiological models of the basal ganglia: therapeutic
implications. Rinsho Shinkeigaku 40:1184.

DELONG M. R., WICHMANN T. (2007) Circuits and circuit disorders of the basal ganglia. Arch Neurol
64:20-24.

DENIAU J. M., MAILLY P., MAURICE N., CHARPIER S. (2007) The pars reticulata of the substantia nigra: a
window to basal ganglia output. Prog Brain Res 160:151-172.

DEPAULIS A., VERGNES M., MARESCAUX C. (1994) Endogenous control of epilepsy: the nigral inhibitory
system. Prog Neurobiol 42:33-52.

DERANSART C., MARESCAUX C., DEPAULIS A. (1996) Involvement of nigral glutamatergic inputs in the
control of seizures in a genetic model of absence epilepsy in the rat. Neuroscience 71:721-728.

DERANSART C., VERCUEIL L., MARESCAUX C., DEPAULIS A. (1998) The role of basal ganglia in the control of
generalized absence seizures. Epilepsy Res 32:213-223.

DOHGU S., KATAOKA Y., IKESUE H., NAITO M., TSURUO T., OISHI R., SAWADA Y. (2000) Involvement of glial
cells in cyclosporine-increased permeability of brain endothelial cells. Cell Mol Neurobiol
20:781-786.

DUNCAN J. S. (2011) Epilepsy in 2010: Refinement of optimal medical and surgical treatments. Nat Rev
Neurol 7:72-74.



REFERENCES

106

DUNNETT S. B., BJORKLUND A., LINDVALL O. (2001) Cell therapy in Parkinson's disease - stop or go? Nat
Rev Neurosci 2:365-369.

DURING M. J., KAPLITT M. G., STERN M. B., EIDELBERG D. (2001) Subthalamic GAD gene transfer in
Parkinson disease patients who are candidates for deep brain stimulation. Hum Gene Ther
12:1589-1591.

DYBDAL D., GALE K. (2000) Postural and anticonvulsant effects of inhibition of the rat subthalamic
nucleus. J Neurosci 20:6728-6733.

EBERT U., SCHOEN S. W., LÖSCHER W. (1996) Activation of microglia in the limbic system and substantia
nigra in different models of temporal lobe epilepsy in the rat. In: Göttingen Neurobiology
Report (N ELSNER, HU SCHNITZLER, eds), p 679. Stuttgart: Thieme.

ELMER E., ALM P., KOKAIA Z., KOKAIA M., LARSSON B., KEEP M., ANDERSSON K. E., LINDVALL O. (1996)
Regulation of neuronal nitric oxide synthase mRNA levels in rat brain by seizure activity.
Neuroreport 7:1335-1339.

ENGEL J., JR., WIEBE S., FRENCH J., SPERLING M., WILLIAMSON P., SPENCER D., GUMNIT R., ZAHN C., WESTBROOK

E., ENOS B. (2003) Practice parameter: temporal lobe and localized neocortical resections for
epilepsy. Epilepsia 44:741-751.

ENGEL J., JR. (2006) Report of the ILAE classification core group. Epilepsia 47:1558-1568.

ERRICHIELLO L., PERRUOLO G., PASCARELLA A., FORMISANO P., MINETTI C., STRIANO S., ZARA F., STRIANO P.
(2009) Autoantibodies to glutamic acid decarboxylase (GAD) in focal and generalized epilepsy:
A study on 233 patients. J Neuroimmunol 211:120-123.

FAMIGLIO L., RACUSEN L., FIVUSH B., SOLEZ K., FISHER R. (1989) Central nervous system toxicity of
cyclosporine in a rat model. Transplantation 48:316-321.

FEGER J., ROBLEDO P. (1991) The Effects of Activation or Inhibition of the Subthalamic Nucleus on the
Metabolic and Electrophysiological Activities Within the Pallidal Complex and Substantia Nigra
in the Rat. Eur J Neurosci 3:947-952.

FINE A., MELDRUM B. S., PATEL S. (1990) Modulation of experimentally induced epilepsy by
intracerebral grafts of fetal GABAergic neurons. Neuropsychologia 28:627-634.

FISHER R. S., VAN EMDE BOAS W., BLUME W., ELGER C., GENTON P., LEE P., ENGEL J., JR. (2005) Epileptic
seizures and epilepsy: definitions proposed by the International League Against Epilepsy (ILAE)
and the International Bureau for Epilepsy (IBE). Epilepsia 46:470-472.

FONNUM F., GOTTESFELD Z., GROFOVA I. (1978) Distribution of glutamate decarboxylase, choline acetyl-
transferase and aromatic amino acid decarboxylase in the basal ganglia of normal and
operated rats. Evidence for striatopallidal, striatoentopeduncular and striatonigral GABAergic
fibres. Brain Res 143:125-138.



REFERENCES

107

FREEMAN T. B., WILLING A., ZIGOVA T., SANBERG P. R., HAUSER R. A. (2001) Neural transplantation in
Parkinson's disease. Adv Neurol 86:435-445.

FREICHEL C., EBERT U., POTSCHKA H., LÖSCHER W. (2004) Amygdala-kindling does not induce a persistent
loss of GABA neurons in the substantia nigra pars reticulata of rats. Brain Res 1025:203-209.

FRENCH J. A. (2007) Refractory epilepsy: clinical overview. Epilepsia 48 Suppl 1:3-7.

FUJISAKI Y., YAMAUCHI A., DOHGU S., SUNADA K., YAMAGUCHI C., OISHI R., KATAOKA Y. (2002) Cyclosporine A-
increased nitric oxide production in the rat dorsal hippocampus mediates convulsions. Life Sci
72:549-556.

GALE K., PROCTOR M., VELISKOVA J., NEHLIG A. (2008) Basal ganglia and brainstem anatomy and
physiology. In: Epilepsy. A comprehensive textbook. Second edition (JJ ENGEL, TA PEDLEY, eds),
pp 367-384. Philadelphia: Lippincott Williams & Wilkins.

GARCIA-CAIRASCO N., SABBATINI R. M. (1983) Role of the substantia nigra in audiogenic seizures: a
neuroethological analysis in the rat. Braz J Med Biol Res 16:171-183.

GARRELS W., HOLLER S., TAYLOR U., HERRMANN D., STRUCKMANN C., KLEIN S., BARG-KUES B., NOWAK-IMIALEK

M., EHLING C., RATH D., IVICS Z., NIEMANN H., KUES W. A. (2011) Genotype-independent
transmission of transgenic fluorophore protein by boar spermatozoa. PLoS One 6:e27563.

GARRELS W., KUES W. B., HERRMANN D., HOLLER S., BAULAIN U., NIEMANN H. (2012) Ectopic expression of
human telomerase RNA component results in increased telomerase activity and elongated
telomeres in bovine blastocysts. Biol Reprod 87:95.

GERNERT M., LÖSCHER W. (2001) Lack of robust anticonvulsant effects of muscimol microinfusions in
the anterior substantia nigra of kindled rats. Eur J Pharmacol 432:35-41.

GERNERT M., THOMPSON K. W., LÖSCHER W., TOBIN A. J. (2002) Genetically engineered GABA-producing
cells demonstrate anticonvulsant effects and long-term transgene expression when
transplanted into the central piriform cortex of rats. Exp Neurol 176:183-192.

GERNERT M., FEDROWITZ M., WLAZ P., LÖSCHER W. (2004) Subregional changes in discharge rate, pattern,
and drug sensitivity of putative GABAergic nigral neurons in the kindling model of epilepsy. Eur
J Neurosci 20:2377-2386.

GERNERT M., BRÖER S., ROLOFF F., BICKER G., BACKOFEN-WEHRHAHN B., LÖSCHER W. (2011) Comparison of
different cell sources for neural transplantation into regions of the basal ganglia in
experimental epilepsy. Cell Transplantation 20:557.

GERNERT M. (2013) Intrasubthalamic cell transplants for epilepsy therapy: hopes and concerns.
Neuroreport 24:1062-1066.

GIJTENBEEK J. M., VAN DEN BENT M. J., VECHT C. J. (1999) Cyclosporine neurotoxicity: a review. J Neurol
246:339-346.



REFERENCES

108

GIORDANO M., TAKASHIMA H., HERRANZ A., POLTORAK M., GELLER H. M., MARONE M., FREED W. J. (1993)
Immortalized GABAergic cell lines derived from rat striatum using a temperature-sensitive
allele of the SV40 large T antigen. Exp Neurol 124:395-400.

GODDARD G. V., MCINTYRE D. C., LEECH C. K. (1969) A permanent change in brain function resulting from
daily electrical stimulation. Exp Neurol 25:295-330.

GORJI A., SCHELD H. H., SPECKMANN E. J. (2002) Epileptogenic effect of cyclosporine in guinea-pig
hippocampal slices. Neuroscience 115:993-997.

HAN D., YAMADA K., SENZAKI K., XIONG H., NAWA H., NABESHIMA T. (2000) Involvement of nitric oxide in
pentylenetetrazole-induced kindling in rats. J Neurochem 74:792-798.

HANDRECK A., BACKOFEN-WEHRHAHN B., BRÖER S., LÖSCHER W., GERNERT M. (2014) Anticonvulsant effects
by bilateral and unilateral transplantation of GABA-producing cells into the subthalamic
nucleus in an acute seizure model. Cell Transplant 23:111-132.

HARROWER T. P., TYERS P., HOOKS Y., BARKER R. A. (2006) Long-term survival and integration of porcine
expanded neural precursor cell grafts in a rat model of Parkinson's disease. Exp Neurol 197:56-
69.

HATTIANGADY B., SHETTY A. K. (2011) Neural stem cell grafting in an animal model of chronic temporal
lobe epilepsy. Curr Protoc Stem Cell Biol Chapter 2:Unit2D 7.

HATTORI T., MCGEER P. L., FIBIGER H. C., MCGEER E. G. (1973) On the source of GABA-containing
terminals in the substantia nigra. Electron microscopic autoradiographic and biochemical
studies. Brain Res 54:103-114.

HEISE C. E., MITROFANIS J. (2004) Evidence for a glutamatergic projection from the zona incerta to the
basal ganglia of rats. J Comp Neurol 468:482-495.

HOMAYOUN H., KHAVANDGAR S., DEHPOUR A. R. (2002) Anticonvulsant effects of cyclosporin A on
pentylenetetrazole-induced seizure and kindling: modulation by nitricoxidergic system. Brain
Res 939:1-10.

HONEY C. R., SHEN H. (1999) Immunosuppression for neural xenografts: a comparison of cyclosporin
and anti-CD25 monoclonal antibody. J Neurosurg 91:109-113.

HOVAKIMYAN M., MULLER J., WREE A., ORTINAU S., ROLFS A., SCHMITT O. (2012) Survival of transplanted
human neural stem cell line (ReNcell VM) into the rat brain with and without
immunosuppression. Ann Anat 194:429-435.

HUNT R. F., GIRSKIS K. M., RUBENSTEIN J. L., ALVAREZ-BUYLLA A., BARABAN S. C. (2013) GABA progenitors
grafted into the adult epileptic brain control seizures and abnormal behavior. Nat Neurosci
16:692-697.

IADAROLA M. J., GALE K. (1982) Substantia nigra: site of anticonvulsant activity mediated by gamma-
aminobutyric acid. Science 218:1237-1240.



REFERENCES

109

INDEN M., KITAMURA Y., KONDO J., HAYASHI K., YANAGIDA T., TAKATA K., TSUCHIYA D., YANAGISAWA D.,
NISHIMURA K., TANIGUCHI T., SHIMOHAMA S., SUGIMOTO H., AKAIKE A. (2005) Serofendic acid
prevents 6-hydroxydopamine-induced nigral neurodegeneration and drug-induced rotational
asymmetry in hemi-parkinsonian rats. J Neurochem 95:950-961.

JANOWSKI M., JABLONSKA A., KOZLOWSKA H., ORUKARI I., BERNARD S., BULTE J. W., LUKOMSKA B., WALCZAK P.
(2012) Neonatal desensitization does not universally prevent xenograft rejection. Nat Methods
9:856-858; author reply 858.

JENSEN M. B., KRISHNANEY-DAVISON R., COHEN L. K., ZHANG S. C. (2012) Injected Versus Oral Cyclosporine
for Human Neural Progenitor Grafting in Rats. J Stem Cell Res Ther Suppl 10:003.

JUNG S., YANG H., KIM B. S., CHU K., LEE S. K., JEON D. (2012) The immunosuppressant cyclosporin A
inhibits recurrent seizures in an experimental model of temporal lobe epilepsy. Neurosci Lett
529:133-138.

KAHAN B. D. (1989) Cyclosporine. N Engl J Med 321:1725-1738.

KAHAN B. D. (2009) Forty years of publication of transplantation proceedings--the second decade: the
cyclosporine revolution. Transplant Proc 41:1423-1437.

KANNER A. M. (2009) Psychiatric issues in epilepsy: the complex relation of mood, anxiety disorders,
and epilepsy. Epilepsy Behav 15:83-87.

KELLY C. M., PRECIOUS S. V., SCHERF C., PENKETH R., AMSO N. N., BATTERSBY A., ALLEN N. D., DUNNETT S. B.,
ROSSER A. E. (2009) Neonatal desensitization allows long-term survival of neural
xenotransplants without immunosuppression. Nat Methods 6:271-273.

KLAWITTER J., GOTTSCHALK S., HAINZ C., LEIBFRITZ D., CHRISTIANS U., SERKOVA N. J. (2010)
Immunosuppressant neurotoxicity in rat brain models: oxidative stress and cellular
metabolism. Chem Res Toxicol 23:608-619.

KOCHI S., TAKANAGA H., MATSUO H., NAITO M., TSURUO T., SAWADA Y. (1999) Effect of cyclosporin A or
tacrolimus on the function of blood-brain barrier cells. Eur J Pharmacol 372:287-295.

KORDOWER J. H., FREEMAN T. B., SNOW B. J., VINGERHOETS F. J., MUFSON E. J., SANBERG P. R., HAUSER R. A.,
SMITH D. A., NAUERT G. M., PERL D. P., ET AL. (1995) Neuropathological evidence of graft survival
and striatal reinnervation after the transplantation of fetal mesencephalic tissue in a patient
with Parkinson's disease. N Engl J Med 332:1118-1124.

KÜCKER S., TÖLLNER K., PIECHOTTA M., GERNERT M. (2010) Kindling as a model of temporal lobe epilepsy
induces bilateral changes in spontaneous striatal activity. Neurobiol Dis 37:661-672.

KWAN P., ARZIMANOGLOU A., BERG A. T., BRODIE M. J., ALLEN HAUSER W., MATHERN G., MOSHE S. L., PERUCCA

E., WIEBE S., FRENCH J. (2010) Definition of drug resistant epilepsy: consensus proposal by the ad
hoc Task Force of the ILAE Commission on Therapeutic Strategies. Epilepsia 51:1069-1077.



REFERENCES

110

LANCASTER M. A., RENNER M., MARTIN C. A., WENZEL D., BICKNELL L. S., HURLES M. E., HOMFRAY T.,
PENNINGER J. M., JACKSON A. P., KNOBLICH J. A. (2013) Cerebral organoids model human brain
development and microcephaly. Nature 501:373-379.

LANE R. J., ROCHE S. W., LEUNG A. A., GRECO A., LANGE L. S. (1988) Cyclosporin neurotoxicity in cardiac
transplant recipients. J Neurol Neurosurg Psychiatry 51:1434-1437.

LARSSON L. C., CZECH K. A., BRUNDIN P., WIDNER H. (2000) Intrastriatal ventral mesencephalic xenografts
of porcine tissue in rats: immune responses and functional effects. Cell Transplant 9:261-272.

LARSSON L. C., WIDNER H. (2000) Neural tissue xenografting. Scand J Immunol 52:249-256.

LE GAL LA SALLE G., KAIJIMA M., FELDBLUM S. (1983) Abortive amygdaloid kindled seizures following
microinjection of gamma-vinyl-GABA in the vicinity of substantia nigra in rats. Neurosci Lett
36:69-74.

LEE J., KURODA S., SHICHINOHE H., IKEDA J., SEKI T., HIDA K., TADA M., SAWADA K., IWASAKI Y. (2003)
Migration and differentiation of nuclear fluorescence-labeled bone marrow stromal cells after
transplantation into cerebral infarct and spinal cord injury in mice. Neuropathology 23:169-
180.

LIIMATAINEN S., PELTOLA M., SABATER L., FALLAH M., KHARAZMI E., HAAPALA A. M., DASTIDAR P., KNIP M., SAIZ

A., PELTOLA J. (2010) Clinical significance of glutamic acid decarboxylase antibodies in patients
with epilepsy. Epilepsia 51:760-767.

LIU H., TU L., WANG Q., SUN Y., MA Y., CEN J., WEI Q., LUO J. (2013) Modulation of calcineurin activity in
mouse brain by chronic oral administration of cyclosporine A. IUBMB Life 65:445-453.

LÖSCHER W., EBERT U., LEHMANN H., ROSENTHAL C., NIKKHAH G. (1998) Seizure suppression in kindling
epilepsy by grafts of fetal GABAergic neurons in rat substantia nigra. J Neurosci Res 51:196-
209.

LÖSCHER W. (2002) Animal models of epilepsy for the development of antiepileptogenic and disease-
modifying drugs. A comparison of the pharmacology of kindling and post-status epilepticus
models of temporal lobe epilepsy. Epilepsy Res 50:105-123.

LÖSCHER W., SCHMIDT D. (2002) New horizons in the development of antiepileptic drugs. Epilepsy Res
50:3-16.

LÖSCHER W., GERNERT M., HEINEMANN U. (2008) Cell and gene therapies in epilepsy--promising avenues
or blind alleys? Trends Neurosci 31:62-73.

LÖSCHER W. (2009) Preclinical assessment of proconvulsant drug activity and its relevance for
predicting adverse events in humans. Eur J Pharmacol 610:1-11.

LÖSCHER W., SCHMIDT D. (2011) Modern antiepileptic drug development has failed to deliver: ways out
of the current dilemma. Epilepsia 52:657-678.



REFERENCES

111

LUDVIGSSON J. (2009) Therapy with GAD in diabetes. Diabetes Metab Res Rev 25:307-315.

MAGIORKINIS E., SIDIROPOULOU K., DIAMANTIS A. (2010) Hallmarks in the history of epilepsy: epilepsy in
antiquity. Epilepsy Behav 17:103-108.

MAGNASCO A., ROSSI A., CATARSI P., GUSMANO R., GINEVRI F., PERFUMO F., GHIGGERI G. M. (2008)
Cyclosporin and organ specific toxicity: clinical aspects, pharmacogenetics and perspectives.
Curr Clin Pharmacol 3:166-173.

MANDAL S., STANCO A., BUYS E. S., ENIKOLOPOV G., RUBENSTEIN J. L. (2013) Soluble guanylate cyclase
generation of cGMP regulates migration of MGE neurons. J Neurosci 33:16897-16914.

MARTINA M., MOZRZYMAS J. W., BODDEKE H. W., CHERUBINI E. (1996) The calcineurin inhibitor cyclosporin
A-cyclophilin A complex reduces desensitization of GABAA-mediated responses in acutely
dissociated rat hippocampal neurons. Neurosci Lett 215:95-98.

MCNAMARA J. O., GALLOWAY M. T., RIGSBEE L. C., SHIN C. (1984) Evidence implicating substantia nigra in
regulation of kindled seizure threshold. J Neurosci 4:2410-2417.

MODIGLIANI Y., BURLEN-DEFRANOUX O., BANDEIRA A., COUTINHO A. (1997) Neonatal tolerance to
alloantigens is induced by enriched antigen-presenting cells. Scand J Immunol 46:117-121.

MOIA L. J., MATSUI H., DE BARROS G. A., TOMIZAWA K., MIYAMOTO K., KUWATA Y., TOKUDA M., ITANO T.,
HATASE O. (1994) Immunosuppressants and calcineurin inhibitors, cyclosporin A and FK506,
reversibly inhibit epileptogenesis in amygdaloid kindled rat. Brain Res 648:337-341.

MOSHÉ S. L., ALBALA B. J. (1984) Nigral muscimol infusions facilitate the development of seizures in
immature rats. Brain Res 315:305-308.

MOSHÉ S. L., SPERBER E. F., BROWN L. L., TEMPEL A. (1992) Age-dependent changes in substantia nigra
GABA-mediated seizure suppression. Epilepsy Res Suppl 8:97-106.

MUKHIDA K., BAKER K. A., SADI D., MENDEZ I. (2001) Enhancement of sensorimotor behavioral recovery
in hemiparkinsonian rats with intrastriatal, intranigral, and intrasubthalamic nucleus
dopaminergic transplants. J Neurosci 21:3521-3530.

MUKHIDA K., HONG M., MILES G. B., PHILLIPS T., BAGHBADERANI B. A., MCLEOD M., KOBAYASHI N., SEN A.,
BEHIE L. A., BROWNSTONE R. M., MENDEZ I. (2008) A multitarget basal ganglia dopaminergic and
GABAergic transplantation strategy enhances behavioural recovery in parkinsonian rats. Brain
131:2106-2126.

NEWMAN M. B., BAKAY R. A. (2008) Therapeutic potentials of human embryonic stem cells in
Parkinson's disease. Neurotherapeutics 5:237-251.

NITSCHE M. A., PAULUS W. (2009) Noninvasive brain stimulation protocols in the treatment of epilepsy:
current state and perspectives. Neurotherapeutics 6:244-250.



REFERENCES

112

NOLTE M. W., LÖSCHER W., GERNERT M. (2006) Pedunculopontine neurons are involved in network
changes in the kindling model of temporal lobe epilepsy. Neurobiol Dis 23:206-218.

NOLTE M. W., LÖSCHER W., HERDEN C., FREED W. J., GERNERT M. (2008) Benefits and risks of intranigral
transplantation of GABA-producing cells subsequent to the establishment of kindling-induced
seizures. Neurobiol Dis 31:342-354.

OLANOW C. W., STERN M. B., SETHI K. (2009) The scientific and clinical basis for the treatment of
Parkinson disease (2009). Neurology 72:S1-136.

OLSSON M., BENTLAGE C., WICTORIN K., CAMPBELL K., BJORKLUND A. (1997) Extensive migration and target
innervation by striatal precursors after grafting into the neonatal striatum. Neuroscience
79:57-78.

OSMAN M. M., LULIC D., GLOVER L., STAHL C. E., LAU T., VAN LOVEREN H., BORLONGAN C. V. (2011)
Cyclosporine-A as a neuroprotective agent against stroke: its translation from laboratory
research to clinical application. Neuropeptides 45:359-368.

OUARY S., BIZAT N., ALTAIRAC S., MENETRAT H., MITTOUX V., CONDE F., HANTRAYE P., BROUILLET E. (2000)
Major strain differences in response to chronic systemic administration of the mitochondrial
toxin 3-nitropropionic acid in rats: implications for neuroprotection studies. Neuroscience
97:521-530.

PAKZABAN P., ISACSON O. (1994) Neural xenotransplantation: reconstruction of neuronal circuitry
across species barriers. Neuroscience 62:989-1001.

PARADIS K., LANGFORD G., LONG Z., HENEINE W., SANDSTROM P., SWITZER W. M., CHAPMAN L. E., LOCKEY C.,
ONIONS D., OTTO E. (1999) Search for cross-species transmission of porcine endogenous
retrovirus in patients treated with living pig tissue. The XEN 111 Study Group. Science
285:1236-1241.

PAXINOS G., WATSON C. (2007) The rat brain in steriotaxic coordinates. Academic Press, Sydney.

PEIGUO Z., SHIJIE Z., LIANG M. (2012) Chimerism but not neonatal antigen exposure induces transplant
tolerance. Scand J Immunol 76:108-112.

PROCTOR M. R., FORNAI F., AFSHAR J. K., GALE K. (1997) The role of nitric oxide in focally-evoked limbic
seizures. Neuroscience 76:1231-1236.

RACUSEN L. C., FAMIGLIO L. M., FIVUSH B. A., OLTON D. S., SOLEZ K. (1988) Neurologic abnormalities and
mortality in rats treated with cyclosporine A. Transplant Proc 20:934-936.

RACUSEN L. C., MCCRINDLE B. W., CHRISTENSON M., FIVUSH B., FISHER R. S. (1990) Cyclosporine lowers
seizure threshold in an experimental model of electroshock-induced seizures in Munich-Wistar
rats. Life Sci 46:1021-1026.

RAEDT R., VAN DYCKE A., VONCK K., BOON P. (2007) Cell therapy in models for temporal lobe epilepsy.
Seizure 16:565-578.



REFERENCES

113

RAZA S., ULLAH K., AHMED P., SATTI T. M., KAMAL M. K., CHAUDHRY Q. U. (2007) Cyclosporine induced
neurotoxicity in a stem cell transplant recipient. J Pak Med Assoc 57:611-613.

REUBINOFF B. E., ITSYKSON P., TURETSKY T., PERA M. F., REINHARTZ E., ITZIK A., BEN-HUR T. (2001) Neural
progenitors from human embryonic stem cells. Nat Biotechnol 19:1134-1140.

RIDGE J. P., FUCHS E. J., MATZINGER P. (1996) Neonatal tolerance revisited: turning on newborn T cells
with dendritic cells. Science 271:1723-1726.

ROBERTON V. H., EVANS A. E., HARRISON D. J., PRECIOUS S. V., DUNNETT S. B., KELLY C. M., ROSSER A. E. (2013)
Is the adult mouse striatum a hostile host for neural transplant survival? Neuroreport 24:1010-
1015.

ROBLEDO P., FEGER J. (1990) Excitatory influence of rat subthalamic nucleus to substantia nigra pars
reticulata and the pallidal complex: electrophysiological data. Brain Res 518:47-54.

ROSEN G. D., HARRY J. D. (1990) Brain volume estimation from serial section measurements: a
comparison of methodologies. J Neurosci Methods 35:115-124.

ROSENDAL F., BJARKAM C. R., LARSEN M., HANSEN H. E., MADSEN M., SORENSEN J. C., MORTENSEN J. (2005)
Does chronic low-dose treatment with cyclosporine influence the brain? A histopathological
study in pigs. Transplant Proc 37:3305-3308.

ROSS K. C., WALDMAN B. C., CONEJERO-GOLDBERG C., FREED W., COLEMAN J. R. (2002) Transplantation of
M213-2O cells with enhanced GAD67 expression into the inferior colliculus alters audiogenic
seizures. Exp Neurol 177:338-340.

RYBA M., GRIEB P., JANCZEWSKI W. A., SAWICKI J., JAGIELSKI J., ANDRYCHOWSKI J., MANTUZYK J., JANISZ M.
(1995) Survival and maturation of heterotopic fetal brain stem xenografts after treatment with
2-chlorodeoxyadenosine and cyclosporine A. Acta Neurobiol Exp (Wars) 55:259-270.

SABERS A., GRAM L. (1992) Pharmacology of vigabatrin. Pharmacol Toxicol 70:237-243.

SANTOS J. B., SCHAUWECKER P. E. (2003) Protection provided by cyclosporin A against excitotoxic
neuronal death is genotype dependent. Epilepsia 44:995-1002.

SCHACHTER S. C., SCHOMER D. L., BLUME H., IVES J. R., JOSEPH J., VONSATTEL J. P., DINSOMORE J. (1998)
Porcine fetal GABA-producing neural cell transplants for human partial-onset seizures: Safety
and feasibility. Epilepsia 39:67.

SCHARFMAN H. E. (2007) The neurobiology of epilepsy. Curr Neurol Neurosci Rep 7:348-354.

SCHMIDT D., LÖSCHER W. (2005) Drug resistance in epilepsy: putative neurobiologic and clinical
mechanisms. Epilepsia 46:858-877.

SCHUMACHER J. M., ELLIAS S. A., PALMER E. P., KOTT H. S., DINSMORE J., DEMPSEY P. K., FISCHMAN A. J.,
THOMAS C., FELDMAN R. G., KASSISSIEH S., RAINERI R., MANHART C., PENNEY D., FINK J. S., ISACSON O.



REFERENCES

114

(2000) Transplantation of embryonic porcine mesencephalic tissue in patients with PD.
Neurology 54:1042-1050.

SCHWARZ S. C., WITTLINGER J., SCHOBER R., STORCH A., SCHWARZ J. (2006) Transplantation of human neural
precursor cells in the 6-OHDA lesioned rats: effect of immunosuppression with cyclosporine A.
Parkinsonism Relat Disord 12:302-308.

SEBE J. Y., BARABAN S. C. (2011) The promise of an interneuron-based cell therapy for epilepsy. Dev
Neurobiol 71:107-117.

SERKOVA N. J., CHRISTIANS U., BENET L. Z. (2004) Biochemical mechanisms of cyclosporine neurotoxicity.
Mol Interv 4:97-107.

SETKOWICZ Z., CIARACH M., GUZIK R., JANECZKO K. (2004) Different effects of neuroprotectants FK-506
and cyclosporin A on susceptibility to pilocarpine-induced seizures in rats with brain injured at
different developmental stages. Epilepsy Res 61:63-72.

SETKOWICZ Z., CIARACH M. (2007) Neuroprotectants FK-506 and cyclosporin A ameliorate the course of
pilocarpine-induced seizures. Epilepsy Res 73:151-155.

SHEHAB S. A., LJUBISAVLJEVIC M., AL-HALHALI F., AL-AWADHI A., MADATHIL M., ABDUL-KAREEM A., REDGRAVE P.
(2006) Experimental manipulations of the subthalamic nucleus fail to suppress tonic seizures in
the electroshock model of epilepsy. Exp Brain Res 173:274-281.

SHEN K. Z., JOHNSON S. W. (2006) Subthalamic stimulation evokes complex EPSCs in the rat substantia
nigra pars reticulata in vitro. J Physiol 573:697-709.

SHETTY A. K., HATTIANGADY B. (2007) Concise review: prospects of stem cell therapy for temporal lobe
epilepsy. Stem Cells 25:2396-2407.

SHETTY A. K. (2011) Progress in cell grafting therapy for temporal lobe epilepsy. Neurotherapeutics
8:721-735.

SHORVON S. D. (2009) Drug treatment of epilepsy in the century of the ILAE: the second 50 years,
1959-2009. Epilepsia 50 Suppl 3:93-130.

SHUTO H., KATAOKA Y., FUJISAKI K., NAKAO T., SUEYASU M., MIURA I., WATANABE Y., FUJIWARA M., OISHI R.
(1999) Inhibition of GABA system involved in cyclosporine-induced convulsions. Life Sci 65:879-
887.

SIGNORETTI S., MARMAROU A., TAVAZZI B., DUNBAR J., AMORINI A. M., LAZZARINO G., VAGNOZZI R. (2004) The
protective effect of cyclosporin A upon N-acetylaspartate and mitochondrial dysfunction
following experimental diffuse traumatic brain injury. J Neurotrauma 21:1154-1167.

SINIGAGLIA-COIMBRA R., CAVALHEIRO E. A., COIMBRA C. (2002) Protective effect of systemic treatment
with cyclosporine A after global ischemia in rats. J Neurol Sci 203-204:273-276.



REFERENCES

115

SKARDELLY M., GLIEN A., GROBA C., SCHLICHTING N., KAMPRAD M., MEIXENSBERGER J., MILOSEVIC J. (2013) The
influence of immunosuppressive drugs on neural stem/progenitor cell fate in vitro. Exp Cell Res
319:3170-3181.

SPERBER E. F., WONG B. Y., WURPEL J. N., MOSHE S. L. (1987) Nigral infusions of muscimol or bicuculline
facilitate seizures in developing rats. Brain Res 465:243-250.

SYVÄNEN S., BLOMQUIST G., SPRYCHA M., HÖGLUND A. U., ROMAN M., ERIKSSON O., HAMMARLUND-UDENAES

M., LANGSTRÖM B., BERGSTRÖM M. (2006) Duration and degree of cyclosporin induced P-
glycoprotein inhibition in the rat blood-brain barrier can be studied with PET. Neuroimage
32:1134-1141.

TAMAMAKI N., FUJIMORI K. E., TAKAUJI R. (1997) Origin and route of tangentially migrating neurons in the
developing neocortical intermediate zone. J Neurosci 17:8313-8323.

TEDESCO D., HARAGSIM L. (2012) Cyclosporine: a review. J Transplant 2012:230386.

THOMPSON K., ANANTHARAM V., BEHRSTOCK S., BONGARZONE E., CAMPAGNONI A., TOBIN A. J. (2000)
Conditionally immortalized cell lines, engineered to produce and release GABA, modulate the
development of behavioral seizures. Exp Neurol 161:481-489.

THOMPSON K. (2009) Transplantation of GABA-producing cells for seizure control in models of
temporal lobe epilepsy. Neurotherapeutics 6:284-294.

THOMPSON K. W., SUCHOMELOVA L. M. (2004) Transplants of cells engineered to produce GABA
suppress spontaneous seizures. Epilepsia 45:4-12.

THOMPSON P. A., ALLEN C. E., HORTON T., JONES J. Y., VINKS A. A., MCCLAIN K. L. (2009) Severe neurologic
side effects in patients being treated for hemophagocytic lymphohistiocytosis. Pediatr Blood
Cancer 52:621-625.

TÖLLNER K., WOLF S., LÖSCHER W., GERNERT M. (2011) The anticonvulsant response to valproate in
kindled rats is correlated with its effect on neuronal firing in the substantia nigra pars
reticulata: a new mechanism of pharmacoresistance. J Neurosci 31:16423-16434.

TREIMAN D. M. (2001) GABAergic mechanisms in epilepsy. Epilepsia 42 Suppl 3:8-12.

TRUCKENMILLER M. E., DILLON-CARTER O., TORNATORE C., KULAGA H., TAKASHIMA H., FREED W. J. (1997)
Growth properties of neural cell lines immortalized with the tsA58 allele of SV40 large T
antigen. Cell Transplant 6:231-238.

TURNER D. A., SHETTY A. K. (2003) Clinical prospects for neural grafting therapy for hippocampal lesions
and epilepsy. Neurosurgery 52:632-644; discussion 641-634.

UCHINO H., ELMER E., UCHINO K., LI P. A., HE Q. P., SMITH M. L., SIESJO B. K. (1998) Amelioration by
cyclosporin A of brain damage in transient forebrain ischemia in the rat. Brain Res 812:216-
226.



REFERENCES

116

VELÍSKOVÁ J., VELSEK L., MOSHE S. L. (1996) Subthalamic nucleus: a new anticonvulsant site in the brain.
Neuroreport 7:1786-1788.

VERCUEIL L., BENAZZOUZ A., DERANSART C., BRESSAND K., MARESCAUX C., DEPAULIS A., BENABID A. L. (1998)
High-frequency stimulation of the subthalamic nucleus suppresses absence seizures in the rat:
comparison with neurotoxic lesions. Epilepsy Res 31:39-46.

VIANELLO M., TAVOLATO B., GIOMETTO B. (2002) Glutamic acid decarboxylase autoantibodies and
neurological disorders. Neurol Sci 23:145-151.

WALDAU B., HATTIANGADY B., KURUBA R., SHETTY A. K. (2010) Medial ganglionic eminence-derived neural
stem cell grafts ease spontaneous seizures and restore GDNF expression in a rat model of
chronic temporal lobe epilepsy. Stem Cells 28:1153-1164.

WANG Q., WANG J. (2002) Injection of bradykinin or cyclosporine A to hippocampus induces
Alzheimer-like phosphorylation of Tau and abnormal behavior in rats. Chin Med J (Engl)
115:884-887.

WEGNER F., KRAFT R., BUSSE K., HARTIG W., SCHAARSCHMIDT G., SCHWARZ S. C., SCHWARZ J., HEVERS W. (2008)
Functional and molecular analysis of GABA receptors in human midbrain-derived neural
progenitor cells. J Neurochem 107:1056-1069.

WEGNER F., KRAFT R., BUSSE K., SCHAARSCHMIDT G., HARTIG W., SCHWARZ S. C., SCHWARZ J. (2009) Glutamate
receptor properties of human mesencephalic neural progenitor cells: NMDA enhances
dopaminergic neurogenesis in vitro. J Neurochem 111:204-216.

WENNBERG L., CZECH K. A., LARSSON L. C., MIRZA B., BENNET W., SONG Z., WIDNER H. (2001) Effects of
immunosuppressive treatment on host responses against intracerebral porcine neural tissue
xenografts in rats. Transplantation 71:1797-1806.

WENNERSTEN A., HOLMIN S., AL NIMER F., MEIJER X., WAHLBERG L. U., MATHIESEN T. (2006) Sustained
survival of xenografted human neural stem/progenitor cells in experimental brain trauma
despite discontinuation of immunosuppression. Exp Neurol 199:339-347.

WEST L. J., MORRIS P. J., WOOD K. J. (1994a) Neonatal induction of tolerance to cardiac allografts.
Transplant Proc 26:207-208.

WEST L. J., MORRIS P. J., WOOD K. J. (1994b) Fetal liver haematopoietic cells and tolerance to organ
allografts. Lancet 343:148-149.

WICHTERLE H., TURNBULL D. H., NERY S., FISHELL G., ALVAREZ-BUYLLA A. (2001) In utero fate mapping
reveals distinct migratory pathways and fates of neurons born in the mammalian basal
forebrain. Development 128:3759-3771.

WICTORIN K., BRUNDIN P., SAUER H., LINDVALL O., BJORKLUND A. (1992) Long distance directed axonal
growth from human dopaminergic mesencephalic neuroblasts implanted along the
nigrostriatal pathway in 6-hydroxydopamine lesioned adult rats. J Comp Neurol 323:475-494.



REFERENCES

117

WIDNER H. (1998) Immunological issues in rodent and primate transplantations (allografts). In: Cell
transplantation for neurological disorders. Toward reconstruction of the human central
nervous system (TW FREEMAN, H., ed), pp 171-188. Totowa, NY: Humana Press.

WIEBE S., BLUME W. T., GIRVIN J. P., ELIASZIW M. (2001) A randomized, controlled trial of surgery for
temporal-lobe epilepsy. N Engl J Med 345:311-318.

WIJDICKS E. F. (2001) Neurotoxicity of immunosuppressive drugs. Liver Transpl 7:937-942.

WINDEBANK A. J., BLEXRUD M. D., DE GROEN P. C. (1994) Potential neurotoxicity of the solvent vehicle for
cyclosporine. J Pharmacol Exp Ther 268:1051-1056.

WONG M., YAMADA K. A. (2000) Cyclosporine induces epileptiform activity in an in vitro seizure model.
Epilepsia 41:271-276.

YAMAUCHI A., SHUTO H., DOHGU S., NAKANO Y., EGAWA T., KATAOKA Y. (2005) Cyclosporin A aggravates
electroshock-induced convulsions in mice with a transient middle cerebral artery occlusion.
Cell Mol Neurobiol 25:923-928.

ZAMAN V., TURNER D. A., SHETTY A. K. (2001) Prolonged postlesion transplantation delay adversely
influences survival of both homotopic and heterotopic fetal hippocampal cell grafts in Kainate-
lesioned CA3 region of adult hippocampus. Cell Transplant 10:41-52.

ZAMAN V., SHETTY A. K. (2002) Survival of fetal hippocampal CA3 cell grafts in the middle-aged and
aged hippocampus: effect of host age and deafferentation. J Neurosci Res 70:190-199.

ZHANG S., JIANG Y. Z., ZHANG W., CHEN L., TONG T., LIU W., MU Q., LIU H., JI J., OUYANG H. W., ZOU X. (2013)
Neonatal desensitization supports long-term survival and functional integration of human
embryonic stem cell-derived mesenchymal stem cells in rat joint cartilage without
immunosuppression. Stem Cells Dev 22:90-101.

ZIPANCIC I., CALCAGNOTTO M. E., PIQUER-GIL M., MELLO L. E., ALVAREZ-DOLADO M. (2010) Transplant of
GABAergic precursors restores hippocampal inhibitory function in a mouse model of seizure
susceptibility. Cell Transplant 19:549-564.





SUPPLEMENTS

119

7 SUPPLEMENTS

Fig. 6: CLARITY method adapted for the use of small tissue.
(A) Time line showing main procedures for clearing the tissue and subsequent immunostaining and preparation for imaging.
D, day/days; h, hours; PBST, phosphate buffered saline with triton X-100; RT, room temperature; w, week/weeks.
(B) Shown is a 3D cortical organoid (developed from human embryonic stem cells) in clearing solution in a 1.5 ml tube. At
day 1 of passive clearing (upper left) the organoid is easily visible. During the passive clearing, the organoid then becomes
more and more transparent. The organoid in the illustrated example is completely transparent at day 12 of clearing (upper
right) and can only be visualized when hold directly into light (lower image). Arrows indicate the location of the organoid.
(C) Confocal laser-microscope images of an entire (unsliced) 3D cortical organoid. Shown is a series of images obtained by
focusing through the z-axis of the completely cleared organoid (first image, upper row first picture; last image, lower row
right picture). The distance between each image of the series is 9.81 µm. The organoid was immunostained against Tuj1
(Neuronal class III Beta-Tubulin; red), a marker for fully differentiated cortical neurons (typically located in the periphery of
the 3D organoids), and FoxG1 (green), which is a forebrain progenitor marker (typically located in the center of the
organoid). For imaging, the organoid was embedded in low-melting point agarose gel. Scale bar: 200 µm.

Tuj1 FoxG1
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Main procedures Original Protocol (Chung et al.,
2013) for whole mouse brains

Modified protocol
for 3D cortical organoids

CL
AR

IT
Y

Crosslinker
contained in
hydrogel solution:

Acrylamide (40%)
Bisacrylamide (2%)

Acrylamide (40%)

Diffusion of
hydrogel

Transcranial perfusion with ice
cold PBS and ice cold hydrogel
solution

Dipping into ice cold PBS
followed by transfer to ice cold
hydrogel solution

Incubation in
hydrogel solution 2-3 days; 4°C 2 days; 4°C

De-gasing Replacement of oxygen with nitrogen in a desiccation chamber
Hydrogel tissue
embedding Incubation at 37°C; 3 h

Washing with
clearing solution

24 h at RT

2x for 48 h at 37°C /

Electrophoretic
tissue clearing (ETC)

Circulation of clearing solution
through a ETC chamber with
10-60 V at 37-50°C until tissue is
completely clear

/

Passive clearing /

Incubation in clearing solution at
37°C until tissue is clear (1-3
weeks); periodical change of
clearing solution

Washing 2x for 24 h at RT with PBST

Im
m

un
os

ta
in

in
g

Incubation in
primary antibody
solution

2 weeks at 37°C;
Primary antibody in 0,1% triton
X-100 and 0.5 M sodium borate
buffer

2 days at RT;
Primary antibodies (Tuj1, 1:1000;
FoxG1, 1:50) in 0,2% triton X-100,
5% serum, 5% BSA and PBS

Washing
1 week at 37°C;
with 0,1% triton X-100 in 0.5M
sodium borate buffer

2x for 24 h at RT;
with PBST

Incubation in
secondary antibody
solution

2 weeks at 37°C;
secondary antibody in 0,1% triton
X-100 and 0.5 M sodium borate
buffer

2 days at RT;
secondary antibodies (1:200
each) in 0,2% triton X-100, 2%
BSA, and PBS

Washing
1 week at 37°C;
with 0,1% triton X-100 in 0.5M
sodium borate buffer

2x for 24 h at RT;
with PBST

Pr
ep

ar
at

io
n 

fo
r

im
ag

in
g

DAPI staining / 1:5000 in PBST for 2 h followed
by washing in PBST for 24 h

Matching refractive
indices

Incubation in 80% glycerol or
FocusClear; 2 days

Incubation in 80% glycerol; 24 h

Tissue embedding

Embedding in a glass chamber
filled with 80% glycerol or
FocusClear

Embedding in low melting point
agarose gel (1%; 40-60°C) in a
petri dish; ready for imaging
when fully polymerized at RT

Tab. 1: Differences and analogies of main procedures of CLARITY and immunostaining. h, hours; PBS, phosphate buffered
saline; PBST 0,1% triton X-100 in PBS; RT, room temperature; V, volt.
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