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Abstract

Neurodegeneration comprehends all processes of progressive loss of neuronal
structure or function in the vertebrate nervous system. As a common hallmark,
neurodegenerative processes relate otherwise dissimilar disorders like epilepsy,
Parkinson’s or Alzheimer’'s disease. Neurotransmitter receptors are key elements of
synaptic transmission that link neuronal structure and function. Thus, a
comprehensive analysis of the distribution pattern, regional densities and
pharmacological properties of neurotransmitter receptors in animal models of
neurodegeneration could reveal underlying molecular mechanisms. Here, changes of
neurotransmitter receptors were studied in rodent models of repeated seizures,

disturbed neurotransmitter homeostasis or reelin gene mutation, respectively.

The convulsant pentylenetetrazole (PTZ) was used to model epileptic seizures in
rats. Alterations of neurotransmitter receptor densities were quantified (Cremer et al.,
2009a). A general reduction of kainate receptors was observed together with a
regional specific increase of NMDA and GABAa associated benzodiazepine (BZ)

binding sites and decreased adenosine A receptor binding.

According to previous studies, the astrocytic enzyme glutamine synthetase (GS)
becomes nitrated and partially inhibited in the PTZ seizure model. GS is a key
regulator of glutamate and GABA metabolism in the glutamate/glutamine cycle. Since
changes of neurotransmitter receptor densities were demonstrated in the PTZ model,
similar changes were hypothesized when GS is inhibited in vivo. Therefore, rats were
treated with L-methionine sulfoximine (MSO), an irreversible inhibitor of GS. Changes
of neurotransmitter receptor densities and subunit expression were studied (Cremer
et al., 2010a). A significant, regional specific reduction of BZ binding was found and

concomitant, but differential changes of GABAa subunit composition.

As a prerequisite to quantify receptor subunit mRNA, a novel quantitative in situ
hybridization (ISH) protocol was established. To evaluate this method, mRNAs of the
AMPA receptor subunits GluR1 and GluR2 were measured in rats treated with the
organo-arsenic compound dimethyl-arsenic acid (DMA"), which is known to reduce
the number of AMPA receptors in the brain. Accordingly, significant reductions of
GluR1 and GIluR2 subunit expression in the hippocampus of DMA-treated rats were
found (Cremer et al., 2009b).



Neurodegeneration may result from genetic aberrations leading to changes of
neuronal structure or function. In mice, a mutation of the extracellular matrix protein
reelin leads to developmental deficits of neuronal migration causing cerebellar
hypoplasia, disturbed laminar pattern of the hippocampus and an inversion of
neocortical layers, resulting in the so called “reeler’” phenotype. In the adult brain,
reelin regulates synaptic plasticity by modulating neurotransmitter receptor function.
Thus, the effects of reelin mutation on neurotransmitter receptor densities and
distribution in reeler mice were studied (Cremer et al., 2010b). Differential changes
were demonstrated in the laminar distribution, maximum binding capacity (Bmax) and
regional density of several neurotransmitter receptors in the reeler brain, indicating a

role for reelin in neurotransmitter receptor expression.

Taken together, the investigation of neurotransmitter receptors in different animal
models of neurodegeneration demonstrated that i) loss of neuronal structure or
function coincided with differential changes of neurotransmitter receptor densities in
all investigated models ii) correlating changes of receptor densities could occur in
numerous brain regions or in a regionally restricted manner iii) a disturbed neuronal
function could influence receptor subunit composition and MmRNA expression.
Conclusively, this study revealed a complex pattern of correlations between
neurodegeneration and changes of neurotransmitter receptors. Since
neurotransmitter receptors are a major target for pharmacological intervention, these

results might offer ambitions for the development of therapeutic strategies.



Zusammenfassung

Neurodegeneration vereint als Sammelbegriff alle Vorgange progressiven Verlusts
neuronaler Struktur oder Funktion im Nervensystem von Vertebraten. Diese
Prozesse sind gemeinsames Merkmal ansonsten unterschiedlicher Erkrankungen
wie Epilepsie, Morbus Parkinson oder Morbus Alzheimer.
Neurotransmitterrezeptoren sind Schliisselelemente synaptischer Ubertragung und
werden daher als zentrales Bindeglied zwischen neuronaler Struktur und Funktion
betrachtet. Eine umfangreiche Analyse der Verteilungsmuster, regionalen Dichten
und pharmakologischen Eigenschaften von Neurotransmitterrezeptoren in
verschiedenen Modellen von Neurodegeneration konnte daher zugrundeliegende
Mechanismen offenbaren. In dieser Arbeit wurden Veranderungen von
Neurotransmitterrezeptoren  in  Nagermodellen  der  Epilepsie, gestorter

Neurotransmitterhomoostase oder Reelin-Mutation studiert.

Als Modell fur Epilepsie wurden Ratten mit dem Konvulsivum Pentylentetrazol (PTZ)
behandelt. Die damit einhergehenden Veranderungen der
Neurotransmitterrezeptordichten wurden untersucht (Cremer et al., 2009a). Hierbei
wurde eine generelle Verringerung der Kainat-Rezeptordichten im Gehirn der
behandelten Ratten festgestellt. Diese korrelierte mit regionenspezifischen
Dichteerhohungen der NMDA- und GABAa assoziierten Benzodiazepinbindestellen

bzw. mit Verringerungen der Adenosin A; Rezeptordichte.

Frihere Studien zeigten, dass im PTZ-Modell das astrozytenspezifische Enzym
Glutaminsynthetase (GS) verstarkt nitriert und funktionell inhibiert ist. Die GS ist ein
Schlusselenzym des Glutamat- und GABA-Metabolismus im Glutamat/Glutamin-
Zyklus. Da Veranderungen der Neurotransmitterrezeptordichten im PTZ Modell
beobachtet wurden, kdnnte eine Inhibition der GS zu &ahnlichen Veranderungen
fuhren. Es wurden daher Ratten mit L-Methinin-Sulfoximin behandelt, einem
irreversiblen Inhibitor der GS, und die daraus resultierenden Veranderungen der
Rezeptordichte und deren Untereinheiten untersucht (Cremer et al., 2010a). Eine
Inhibition der GS flhrte zu einer signifikanten, regionenspezifischen Verringerung der
GABA\ assoziierten Benzodiazepinbindestellen und einhergehenden, differentiellen

Veranderungen der GABAa Untereinheitenzusammensetzung.

Um die mRNA-Expression von Rezeptoruntereinheiten quantifizieren zu koénnen,

wurde ein optimiertes Protokoll der quantitativen in situ Hybridisierung etabliert. Zur



Evaluation dieser Methode wurden die mRNA Level der
Glutamatrezeptoruntereinheiten GluR1 und GIuR2 im Gehirn von Ratten bestimmt,
die einer Behandlung mit Dimethyl-Arsensaure unterzogen wurden, welche
bekanntermallen die regionale Dichte von AMPA-Rezeptoren verringert. Auf mRNA
Ebene wurde eine entsprechende Verringerungen der GIluR1 und GIluR2
Untereinheitenexpression im Hippocampus DMA"—behandelter Ratten festgestellt
(Cremer et al., 2009b).

Neurodegeneration kann Folge genetischer Aberrationen sein und somit zu
Veranderungen neuronaler Struktur und Funktion fluhren. Eine Mutation des
extrazellularen Matrixproteins Reelin flhrt in sog. Reeler-Mausen zu Defiziten der
neuronalen Migration wahrend der Ontogenese, und in der Folge zu zerebellarer
Hypoplasie, gestorter Laminierung des Hippocampus und einer invertierten
Orientierung der neokortikalen Schichten. Im adulten Gehirn ist Reelin an der
Regulation synaptischer Plastizitat durch Neurotransmitterrezeptormodulation
beteiligt. Daher wurden im Rahmen dieser Arbeit die
Neurotransmitterrezeptordichten und ihre Verteilung in Reeler-Mausen untersucht
(Cremer et al., 2010b). Hierbei wurden komplexe Veranderungen der laminaren
Rezeptorverteilung, der maximalen Bindekapazitat (Bmax), und  der
regionenspezifischen Rezeptordichte gemessen, die eine Beteiligung Reelins bei der

Expression von Neurotransmitterrezeptoren implizieren.

Die Untersuchung von Neurotransmitterrezeptoren in  Tiermodellen der
Neurodegenration zeigte, i) dass der Verlust neuronaler Struktur oder Funktion in
allen Modellen mit Veranderungen der Neurotransmitterrezeptordichten einherging ii)
dass korrelierende Veranderungen von Rezeptordichten sowohl regional begrenzt
als auch Uber verschiedene Areale hinweg auftreten konnten iii) dass eine gestorte
neuronale Funktion zu Veranderungen der Untereinheitenzusammensetzung und
MRNA-Expression von Neurotransmitterrezeptoren fuhrte. Zusammengefasst zeigte
diese Studie ein komplexes Korrelationsmuster zwischen Neurodegeration und
Veranderungen von Neurotransmitterrezeptoren. Da Neurotransmitterrezeptoren ein
zentrales Ziel pharmakologischer Intervention darstellen, offerieren diese Ergebnisse
mogliche Perspektiven fur neuartige Therapieansatze neurodegenerativer

Erkrankungen.
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Preface: Organization of the manuscript

The present work is a cumulative dissertation, based on peer-reviewed manuscripts

submitted to different international journals in the field of neuroscience.

A general introduction integrates the manuscripts into a common scientific context.
Additionally, the goals of the present work are defined by common theses. All articles
are briefly introduced separately with emphasis on the underlying hypothesis and the
essential conclusions. The author’s contribution to the work is addressed in each

case as well as the current state of publication (i.e. in review, in press, published).

The articles are provided in chronological order in the author's manuscript version as
submitted/accepted by the respective journal. Thus, the present paper exhibits a
uniform appearance independent of editing by the respective journals. However, all
contents (text, figures and tables) of each manuscript are de facto identical to the
edited journal version. Articles published or in press are additionally provided in the

edited version in the addendum.






Introduction

Introduction

1. Framework

Neurodegeneration is a comprehensive term for the progressive loss of neuronal
structure or function. Among others, neurodegenerative processes relate otherwise
dissimilar disorders like epilepsy, Parkinson’s or Alzheimer's disease.
Neurotransmitter receptors mediate synaptic transmission and therefore act as a link
between neuronal organization and signal transduction in the brain. Thus, in the
present work neurodegeneration particularly refers to processes which affect the
expression pattern, regional densities or pharmacological properties of

neurotransmitter receptors.

The study of animal models which exhibit disturbances of neuronal structure or
function helps to reveal underlying molecular mechanisms. This work presents a
comprehensive analysis of neurotransmitter receptors in rodent models of repeated
seizures, disturbed neurotransmitter homeostasis or reelin gene mutation,
respectively. Additionally, a new method of quantitative in situ hybridization was

established, which allows a more differential study of receptor subunit expression.

2. Neurotransmitter receptors

Neurotransmitter receptors are key elements of synaptic transmission that mediate
signal transduction by binding of presynaptically released neurotransmitters.
Furthermore, the initiation of synaptic plasticity, a molecular correlate of learning and
memory formation, decisively depends on the involvement of neurotransmitter
receptors (Kandel et al., 2000). Local changes in the density and distribution of
receptors coincide with cytoarchitectonically defined areas (reviewed by Zilles and
Amunts, 2009a, b; Zilles et al., 2004). Therefore, their analysis has become an

important pillar of modern neuroanatomy.

Due to their relevance for proper neuronal function, changes of neurotransmitter
receptors were demonstrated to correlate with neurological disorders or respective
experimental conditions in rodents. For example, in epileptic brain tissue differential
alterations of neurotransmitter receptor systems were found. Neocortical tissue
explants from patients suffering from focal epilepsy exhibited an increase of a-amino-
3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) binding sites together with

non-uniformal alterations of y-amino butyric acid (GABA) receptors (Zilles et al.,
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1999). Furthermore, an increase of AMPA-, kainate and N-methyl-D-aspartate
(NMDA) receptors was shown in temporal lobe epilepsy, together with increased
GABAg receptor densities (Bidmon et al., 2002). These changes were accompanied
by enhanced heat shock protein expression in the neocortex (Bidmon et a., 2004).
These observations were later confirmed in an animal model of epilepsy (Bidmon et
al., 2005) and were shown to correlate with reduced glutamine synthetase activity
(Bidmon et al., 2008).

The results noted above particularly demonstrate that changes of a single receptor
system most often result in accompanying alterations of other systems. Thus, a
comprehensive approach is needed to reliably study neurotransmitter receptor
expression. Quantitative in vitro autoradiography is a powerful tool to visualize and
quantify neurotransmitter receptors in native brain sections, allowing a
comprehensive analysis of their density and distribution pattern. In the present work
quantitative receptor autoradiography was used together with different
pharmacological, immunohistochemical and biomolecular methods to study different
rodent models of disturbed neuronal structure or function. In particular, the effects of
repeated seizures, disturbed neurotransmitter homeostasis or reelin gene mutation

were analyzed.

An imbalance between neuronal excitation and inhibition may cause epileptic
seizures. Repeated intraperitoneal injection of the convulsant pentylenetetrazole
(PTZ), an inhibitor of GABAA receptors, results in acute and chronic seizures in rats.
Thus, PTZ treated rats were used as a model to study seizure related changes of

neurotransmitter receptors.

The orchestrated release, reuptake and recycling of neurotransmitters are
prerequisites for proper synaptic transmission. Disruption of this chain of events
might lead to disturbed neurotransmitter homeostasis and eventually changes of
receptor expression. The astrocytic enzyme glutamine synthetase (GS) is a key
element of neurotransmitter recycling in the glutamate/glutamine cycle. Thus, in vivo
inhibition of GS was used to study the effect of disturbed glutamate and GABA

recycling on neurotransmitter receptor expression.

The reeler mouse was used as a reference model of disturbed neuronal organization.
In these mice, a lack of the extracellular matrix protein reelin leads to deficits of

neuronal migration during development, resulting in severe changes of cyto- and
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myeloarchitecture (reviewed by de Rouvroit and Goffinet, 1998). Additionally, reelin
enhances synaptic efficacy by modulation of neurotransmitter receptor function
(reviewed by Herz and Chen, 2006). Thus, reelin deficiency may be associated with

alterations of neurotransmitter receptor densities and distribution.

3. Animal models

In the present work, different animal models were studied. In the following, the basic
properties of the respective models will be introduced. All experiments were
performed according to the German animal welfare act and the guidelines for the
treatment of experimental animals of the Research Center Julich and the Heinrich-
Heine University, Dusseldorf. All animal experiments were approved by the

responsible governmental agency.

3.1 Pentylenetetrazole-induced seizures

Intraperitoneal applications of PTZ are used to investigate the effects of acute and
chronic epileptic seizures in rodents (Caspers and Speckmann, 1972; Bertram,
2007). PTZ is a GABAAa receptor antagonist (Macdonald and Barker, 1978) which
binds at benzodiazepine (BZ) binding sites of the functional GABAAa receptor (Rehavi
et al., 1982; Squires et al., 1984; Huang et al. 2001). Binding sites for GABA and BZs
have different localization and structural properties at the functional GABAA receptor:
The BZ binding site is located between v, and a(1235) subunits of the pentameric
GABAA, receptor, while GABA (as well as the [*H]-ligand muscimol) binds between a
and B subunits of the receptor (Pritchett et al., 1989; Rudolph et al., 1999; McKernan
et al.,, 2000; Baumann et al., 2003). Binding of BZ is known to enhance GABAa

receptor activity (Figure 1).

PTZ treatment in mice and rats has numerously been shown to exhibit alterations of
glutamatergic, GABAergic and adenosinergic receptors (Angelatou, 1990;
Pagonopoulou et al., 1993; Ekonomou and Angelatou, 1999; Walsh et al., 1999;
Ekonomou et al., 2001; Tchekalarova, 2005). An upregulation of AMPA binding was
shown (Ekonomou et al., 2001), which depends on the duration of the PTZ-
treatment, as well as a long lasting upregulation of NMDA binding sites (Ekonomou
and Angelatou, 1999). The GABAa receptor subunit composition was transiently
affected with minimal or no effect on GABAa receptor or BZ binding site densities

(Walsh et al., 1999). A regionally restricted long-term increase of adenosine type 1
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(A4) receptor binding was also reported (Angelatou et al., 1990; Pagonopoulou et al.,
1993; Tchekalarova et al., 2005), while a persistent down-regulation of A4 receptors
was found in the basal ganglia (Pagonopoulou et al., 1993). However, most of the
studies noted above emphasize only few receptor types or brain regions,
respectively. Thus, we comprehensively investigated regional binding site densities
of AMPA, kainate, NMDA, A, GABAA, and GABAg receptors as well as of BZ binding

sites in brains of PTZ-treated rats.

Figure 1: GABA, receptors belong to the Cys—loop family of transmitter-gated ion channels and
contain five membrane-crossing subunits that are arranged to form an intrinsic anion-conducting
channel. There are 19 subunits (a1-6, f1-3, y1-3, 9, €, 8,  and p1-3), which are classified according
to sequence homology. Most GABA, receptors in vivo comprise a-, - and y-subunits in a probable
stoichiometry of 2a:2f3:1y. The most prevalent subtype is the a;B.y2 isoform (~60%). The subunit
composition influences fundamental features of the receptor, including sensitivity to GABA, channel
kinetics and desensitization, neuronal location and pharmacological properties. Based on Belelli and
Lambert, 2005.

3.2 Inhibition of glutamine synthetase

MSO irreversibly inhibits the astrocytic enzyme glutamine synthetase, a key regulator
of glutamate and GABA metabolism in the glutamate/glutamine cycle (GGC) (Figure
2). It has been demonstrated that disturbances of the GGC result in differential
changes of neurotransmitter homeostasis. Application of MSO in vivo transiently
decreases whole brain GABA content (Stransky, 1969). GABA, glutamate and
glutamine concentrations are differentially altered in the neostriatum and globus

pallidus of MSO-treated rats (Fonnum and Paulsen, 1990), while the striatal release

4
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of dopamine is affected by MSO infusion (Rothstein and Tabakoff, 1982).
Furthermore, the GGC regulates synaptic GABA content under physiological
conditions (Liang et al., 2006).
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]
/ N . / N
H,M OH ) K H,M OH
NH, H,N aH NH,
NH,
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ATP + NH,
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Figure 2: Schematic summary of neurotransmitter recycling in the glutamate/glutamine cycle.
Glutamate is released into the synaptic cleft during neurotransmission and subsequently removed via
uptake into astrocytes. The astrocytic enzyme glutamine synthetase catalyzes the generation of
glutamine from glutamate (Martinez-Hernandez et al., 1977), which is transferred via system N and A
transporters into neurons (Chaudhry et al., 2002) where it is deaminated by phosphate-activated
glutaminase, thus producing glutamate (Kvamme et al., 2000). Although GABAergic interneurons are
capable of recycling GABA by specific transporters, a major source of vesicular GABA is derived from
decarboxylation of glutamate (Martin and Tobin, 2000). Methionine sulfoximine irreversibly inhibits the

function of glutamine synthetase in vivo and in vitro (Lamar and Sellinger, 1965; Ronzio et al., 1969).

Previous reports indicated that in the PTZ model of epilepsy GS is nitrated and
partially inhibited (Bidmon et al., 2005) and we demonstrated alterations of
neurotransmitter receptor expression in the same model (Cremer et al., 2009a).
Together, these evidences led to the hypothesis that inhibition of MSO in vivo might

result in changes of neurotransmitter receptor densities. We used >*H-receptor
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autoradiography to measure glutamate (AMPA, kainate, NMDA), GABA (GABAa,,
GABAg and BZ binding sites), dopamine (D4) and adenosine (A+) receptor subtypes
in different brain regions of MSO treated rats. Additionally, we performed saturation
analysis of BZ binding sites on cerebral membrane homogenates and investigated
the expression of GABAa a7 and y2 subunits, which primarily mediate BZ binding, by

western blot analysis and quantitative in situ hybridization.
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3.3 Reeler mice

Reelin is a major secretory glycoprotein with important roles in embryogenesis and
during adulthood (reviewed by de Rouvroit and Goffinet, 1998; Levenson et al.,
2008). Mutation of reelin leads to severe neurodevelopmental deficits resulting in
cerebellar hypoplasia, mislamination of the hippocampus and an inversion of
neocortical layers (Figures 3 and 4). In the adult brain reelin plays a significant role in
cellular maturation, synaptic plasticity and learning (reviewed by Herz and Chen,
2006; Rogers and Weeber, 2008).

A

Figure 3: Frontal sections of wild type (left) and Reeler brains (right) stained immunohistochemically

for neuronal nuclei (NeuN). A) Frontal sections (Bregma -1.8 mm) through whole hemispheres
demonstrate striking differences in cytoarchitecture between wild type and Reeler brains. B) Magnified
area as indicated in A. from an adjacent section. Cortical lamination is plotted as revealed by
microscopic examination. C) Magnified area as indicated above. Cortical lamination is severely
disturbed in Reeler. Modified from Cremer, 2007.
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Figure 4: Schematical summary of cortical development in wild type (left) and Reeler mice (right).
Cortical neurons are generated in the germinal zone and migrate radially towards the pial surface
along radial glia fibers, thereby splitting the preplate into a subplate and a marginal zone. Originating
neurons migrate through earlier generated layers and detach from radial glia fibers directly below
Cajal-Retzius (CR) cell layer (later layer 1), resulting in an “inside first, outside last” generation of
cortical layers. In Reeler mice neurons from the germinal cell layer are unable to split the malformed
preplate or superplate and often do not detach properly from the obliquely oriented radial glia fibers.
Originating neurons do not migrate through earlier layers but reside directly below, resulting in an

“outside first, inside last” developmental pattern. Modified from Cremer, 2007.

In recent years research on reelin has come to a crossroad. On the one hand the
reeler mouse has been proposed as a model to study certain aspects of different
neuronal diseases like lissencephaly, epilepsy, schizophrenia and Alzheimer’s
disease (reviewed by Fatemi et al.,, 2008). For example, only recently it was
demonstrated that reduced reelin expression accelerates amyloid-R-plaque formation
and tau pathology in transgenic Alzheimer’'s disease (AD) mice (Kocherhans et al.,
2010). Furthermore, reelin signaling antagonizes beta-amyloid-induced suppression
of NMDA receptor-mediated long-term potentiation (Durakoglugil et al., 2009).

On the other hand effort has been made to shed light on the molecular pathway
underlying reelin function in the adult brain (reviewed by Rogers and Weeber, 2008;
Herz and Chen, 2006), with emphasis on regulation of neurotransmitter receptor

8
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activity (Figure 5). Binding of reelin to the lipoprotein receptors Apolipoprotein E
Receptor 2 (apoER2) and/or Very Low Density Lipoprotein Receptor (VLDLR) results
in enhanced NMDA receptor activity, mediated by subunit phosphorylation through a
Src kinase. Activation of the reelin pathway results in both increased conductance
and increased trafficking of AMPA receptors to the membrane. Additionally, reelin
regulates microtubule organization by downstream activation of cyclin-dependent
kinase 5 (CDK-5) and inhibition of tau phosphorylation.

ApoER2 / VLDLR

Increased
Trafficking

Increased Synaptic Efficacy

Modification of Glutamate Receptors
Modulation of Synaptic Strength
Modulation of Synaptic Plasticity

Microtubule Organization
Vesicular Transport
Neuronal Migration
Cortical Lamination

Microtubule
Tau

Figure 5: Model for reelin-mediated enhancement of synaptic efficacy. Reelin binds to its constituent
receptors Apolipoprotein E Receptor 2 (apoER2) and/or Very Low Density Lipoprotein Receptor
(VLDLR) as a dimer. Both reelin receptors are coupled to intracellular signaling machinery via the
protein Disabled-1 (Dab1). Once Dab1 is activated, a host of signaling commences through Src, PI3K
and CDK5. Src phosphorylates NMDA receptor subunits on tyrosine residues, resulting in

enhancement of NMDA receptor function. This pathway is responsible for the reelin-induced

9
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enhancement of induction of NMDA receptor dependent synaptic plasticity. Downstream of the NMDA
receptor, CaMKIl and PKA phosphorylate the AMPA receptor resulting in both increased conductance

and increased trafficking of these receptors to the membrane. Based on Levenson et al., 2008.

The implications of reelin function for receptor regulation as well as a disturbed
neuronal organization in reeler mutant mice led to the hypothesis that reelin
deficiency may be associated with alterations of neurotransmitter receptor densities
or pharmacological properties. Thus, we conducted a multi-receptor study to
investigate the influence of the reelin mutation on various neurotransmitter receptors
in the adult brain by means of in vitro receptor autoradiography. Furthermore,
saturation analysis were performed for each receptor type to determine receptor

binding affinity (dissociation constant, Kp) and maximum binding capacity (Bmax)-

10
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4. Quantitative in situ hybridization

Quantitative receptor autoradiography is a pharmacological approach to reliably
investigate the density and distribution of neurotransmitter receptors in the brain. A
major advantage of this method is the fact that only functional receptors residing at
the neuronal membrane are measured, while internalized (e.g. trafficking) or
intracellularly stored receptors or its precursors remain disregarded.

However, this method does not allow conclusions on changes of receptor subunit
composition or mRNA transcription level. A combination of classical receptor
autoradiography and quantification of the respective subunit mMRNAs would allow a
more differential study and shed light on the molecular mechanisms of receptor

density alterations.

Quantitative in situ hybridization (qISH) of mMRNAs using radiolabeled complementary
nucleic acid probes is a powerful method to visualize and quantify gene expression.
The measurement of mRNAs using >*P- or **S-labelled oligodeoxyribonucleotides is
a highly sensitive, reliable technique and bears the advantage of visualizing mRNA
expression within the native tissue enabling a discrete anatomical correlation.
Although qISH is widely accepted as an appropriate method to analyze gene
expression patterns in the brain, not all current protocols are applicable concerning
standardization, sensitivity and signal to noise ratio. However, protocols matching all

premises for accurate qISH are often laborious and time demanding.

To overcome these disadvantages, we established a method for fast qISH of mMRNAs
using **P-labeled oligodeoxyribonucleotides together with *C-polymer standards and
a phosphorus imaging system (Cremer et al., 2009b). Our approach can easily be
performed in any laboratory to quantify the expression of high and low abundant

MRNAs and reduces the time needed for qISH from several weeks to few days.

To test our method, we used hippocampal sections of rats, treated with the organo-
arsenic compound dimethyl arsenic acid (DMA"). DMA" is known to drastically
reduce the number of AMPA receptors in the rat hippocampus (Lopez-Escobar,
2009; Figure 6). These findings have earlier been suggested by electrophysiological
observations, e.g. excitatory postsynaptic potentials were reduced in amplitude or
completely inhibited in hippocampal slice culture after application of different organo-

arsenic compounds (Kruger et al., 2006; 2007). We hypothesized that the observed
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decrease of AMPA receptor density might be accompanied by changes of the

receptor subunit mMRNA expression.

Figure 6: Color coded autoradiographs of AMPA receptor densities in the hippocampus of male, adult
rats treated at postnatal day 7 with either a single intraperitoneal injection of the organo-arsenic
compound DMA" or saline as a control. DMA" treatment results in a drastic reduction (25-28%
decrease) of AMPA receptor densities (labeled with 3H—AMPA) in all investigated regions. Modified
from Lopez Escobar, 2009.
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Aims of the study

In the present work different animal models were used to investigate the influence of
repeated seizures, disturbed neurotransmitter homeostasis or reelin gene mutation
on neurotransmitter receptors in the brain. Several technical approaches were used
to study the density, distribution, pharmacological properties and subunit expression
of neurotransmitter receptors under different experimental conditions. Furthermore, a
reliable method was established to quantify the mMRNA expression of

neurotransmitter receptors or subunits, respectively.

While each study had a defined focus resulting in specific hypotheses and
methodological approaches, the following aims and questions were underlying the

analysis of all studies.

1. Are the densities and regional distribution of neurotransmitter receptors

affected in a given animal model?

2. Are the observed changes restricted to a single receptor type or a specific

brain region?

3. Do changes of receptor density correlate with altered receptor pharmacology

(e.g. binding site affinity, maximum binding capacity)?

4. Do changes of receptor subunit composition or mRNA transcription levels play

a role in receptor regulation?
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Abbreviations

Aq adenosine type 1 (receptor)

AMG amygdala

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
BZ benzodiazepine

CA1 hippocampal CA1-region

CHA [*H]-n®-Cyclohexyladenosine

DG dentate gyrus

Ent entorhinal cortex

GABA y-amino-butyric acid

GN geniculate nuclei

Gpp(NH)p  guanosine 5'-[B,y-imido]triphosphate
HSP-27 heat shock protein 27

NMDA N-methyl-D-aspartate

Parl somatosensory cortex

Pir piriform cortex

PRh perirhinal cortex

PTZ Pentylenetetrazole (6,7,8,9-tetrahydro-5H-Tetrazolo(1,5-a)azepine)
PVP posterior paraventricular thalamic nucleus

ROI region of interest

RSG retrosplenial granular cortex

Th thalamus
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Abstract

Pentylenetetrazole (PTZ) is a convulsant used to model epileptic seizures in rats. In
the PTZ-model, altered heat shock protein 27 (HSP-27) expression highlights seizure
affected astrocytes, which play an important role in glutamate and GABA
metabolism. This raises the question whether impaired neurotransmitter metabolism
leads to an imbalance in neurotransmitter receptor expression. Consequently, we
investigated the effects of seizures on the densities of seven different
neurotransmitter receptors in rats which were repeatedly treated with PTZ (40 mg/kg)
over a period of 14 days.

Quantitative in vitro receptor autoradiography was used to measure the
regional binding site densities of the glutamate a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA), kainate and NMDA receptors, the adenosine
receptor type 1 (A1), which is part of the system controlling glutamate release, and
the y-Aminobutyric acid (GABA) receptors GABAa and GABAg as well as the GABAA
associated benzodiazepine (BZ) binding sites in each rat.

Our results demonstrate altered receptor densities in brain regions of PTZ-
treated animals, including the HSP-27 expressing foci (i.e. amygdala, piriform and
enthorinal cortex, dentate gyrus). A general decrease of kainate receptor densities
was observed together with an increase of NMDA binding sites in the hippocampus,
the somatosensory, piriform and the entorhinal cortices. Furthermore, A; binding
sites were decreased in the amygdala and CA1, while BZ binding sites were
increased in the dentate gyrus and CA1.

Our data demonstrate the impact of PTZ induced seizures on the densities of
kainate, NMDA, A1 and BZ binding sites in epileptic brain. These changes are not
restricted to regions showing glial impairment. Thus, an altered balance between
different excitatory (NMDA) and modulatory receptors (A4, BZ binding sites, kainate)
shows a much wider regional distribution than that of glial HSP-27 expression,
indicating that receptor changes are not following the glial stress responses, but may

precede the HSP-27 expression.

Keywords: epilepsy, animal model, neurotransmitter receptors, PTZ

18



Pentylenetetrazole-induced seizures

Introduction

Epileptic seizures are associated with an imbalance between excitatory and inhibitory
neurotransmission, and may be the result of changes in the expression of not only
one but various excitatory, inhibitory and/or modulatory neurotransmitter receptors.

Several studies demonstrated alterations of neurotransmitter receptors in
human epileptic tissue. For example, we demonstrated an increase of AMPA binding
sites in neocortical tissue of patients suffering from focal epilepsy (Zilles et al., 1999).
Decreased kainate densities along with increased AMPA and NMDA binding sites
have been demonstrated in temporal lobe epilepsy (Brines et al., 1997). GABA
receptors were seen to be increased (Hammers et al., 2001; Bidmon et al., 2002) or
decreased (Koepp et al., 1997 a,b; Bidmon et al., 2002) both in surgery explants as
well as in vivo. A decrease of GABAergic receptors together with a concomitant
increase of NMDA receptors was also demonstrated (Crino et al., 2001). The
available data are heterogenous and it must be noted that these studies are based
on different methodological approaches and stages of the disease. In addition,
neurotransmitter receptors were shown to be differentially regulated during acute
phase and chronic epilepsy (e.g. AMPA and NMDA receptors (Doi et al., 2001),
GABAA receptors (Nobrega et al.,, 1990), BZ binding sites (Rocha and Ondarza-
Rovira, 1999). Several animal models have been established to study acute and
chronic epileptic activity as well as epileptogenesis (reviewed by Loscher, 2002;
Pitkanen et al., 2007).

Intraperitoneal applications of PTZ are used to investigate the effects of acute
and chronic epileptic seizures (Caspers and Speckmann, 1972; Bertram, 2007). PTZ
acts as a GABAA\ receptor antagonist (Macdonald and Barker, 1978). Kindled animals
have been shown to exhibit alterations of glutamatergic, GABAergic and
adenosinergic receptors (Angelatou, 1990; Pagonopoulou et al., 1993; Ekonomou
and Angelatou, 1999; Walsh et al., 1999; Ekonomou et al., 2001; Tchekalarova,
2005). An upregulation of AMPA binding was shown (Ekonomou et al., 2001), which
depends on the duration of the PTZ-treatment, as well as a long lasting upregulation
of NMDA binding sites (Ekonomou and Angelatou, 1999). The GABAa receptor
subunit composition was transiently affected with minimal or no effect on GABAa
receptor or BZ binding site densities (Walsh et al., 1999). A long-term increase of A,
receptor binding in numerous regions of the brain was also reported (Angelatou et

al., 1990; Pagonopoulou et al., 1993; Tchekalarova et al., 2005), but a persistent
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down-regulation of A4 receptors was found in the basal ganglia (Pagonopoulou et al.,
1993).

We previously demonstrated that heat shock protein 27 (HSP-27) is increased
in human epileptic brain tissue as well as in a rat model of PTZ-induced seizures
(Bidmon et al., 2004, 2005). In the PTZ model, HSP-27 labels affected astrocytes
and endothelial cells (Bidmon et al., 2005, 2008). Astrocytes are key elements for the
recycling and regulation of neurotransmitters, i.e. glutamate reuptake, glutamate
glutamine shuttle and GABA metabolism (Martinez-Hernandez et al.,, 1977,
Schousboe and Waagepetersen, 2006). Furthermore, astrocytes are a major source
and regulator of synaptic adenosine and evidence is summing up for an important
role of this neuromodulator during epiletogenesis (Gouder et al., 2004; Fedele et al.,
2005; Li et al.,, 2007). Additionally, we recently demonstrated that astrocytic
glutamine synthetase becomes nitrated and partially inhibited after repeated PTZ
induced seizures (Bidmon et al., 2008). Therefore, we hypothesize that impaired
astrocytes may contribute to an altered recycling of neurotransmitters, thus affecting
neurotransmission after PTZ-treatment.

To test the hypothesis of an imbalance between excitatory and inhibitory
neurotransmission in our PTZ-model of repeated seizures, we investigated the
binding site densities of AMPA, kainate, NMDA, A, GABA,, and GABAg receptors as
well as of GABAA associated benzodiazepine binding sites in different brain regions
of each PTZ-treated rat. A further goal was to elucidate whether the localization of
changes in receptor densities corresponds to that seen for the HSP-27 glial stress
response (Bidmon et al., 2005). Therefore, regions of interest were chosen according
to prior observations of a strong HSP-27 response, and further brain regions relevant
for the pathology of induced seizures were studied where no significant HSP-27

increase had been found previously.
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Experimental Procedures

Animals

We used 8-week-old male Wistar rats (220-250 g bodyweight, Moellegaard Breeding
Centre GmbH, Germany) for all experiments, and animals were housed under
standard conditions as previously described (Rauca et al., 2004, Bidmon et al.,
2005). All experimental procedures were conducted according to the institutional
guidelines for the use of laboratory animals, the German Animal Welfare Act and

approved by the responsible governmental agency.

Pentylenetetrazole treatment

Rats were injected intraperitoneally with PTZ (40 mg/kg bodyweight) dissolved in
physiological saline (20 mg/ml), leading to acute tonic-clonic seizures. Epileptic
activity was logged as follows: Four rats per group were kept in cages with an
assembled recording setup to monitor seizure activity and duration (Bidmon et al.,
2005), while the seizure intensity of all other animals was estimated in a scoring
system according to Rauca et al. (2004). Continuous treatment (every 48h for 14
days) induced periodic epileptic activity as described previously (Caspers and
Speckmann, 1972; Rauca et al., 2004). All rats repeatedly exhibtited tonic-clonic
seizures at the latest from the fourth treatment and were used for receptor
autoradiography (n = 8). Control rats (n = 6) were treated with physiological saline
with the same frequency as PTZ-treated rats. Animals were decapitated 24h after the

last treatment and brains immediately frozen in isopentane at -50 °C.

[3H]-Receptor autoradiography

Unfixed, deep-frozen brains were serially sectioned (20 ym) in the coronal plane with
a Cryostat (Leica, Germany). Alternating sections mounted on glass slides were used
for quantitative in vitro receptor autoradiography (Zilles et al., 2002; Zilles et al.,
2004; Palomero-Gallagher et al., 2008) or cell body staining (Merker, 1983). In brief,
sections were washed in buffer and subsequently incubated in buffer containing the
respective [3H]-Iigand (Table 1). Nonspecific binding was monitored by incubation in
the presence of a specific, non-radioactive competitor (Table 1). Finally, sections
were rinsed in buffer. Experimental and control brains were processed
simultaneously. Sections were exposed to R-sensitive films (BioMax MR Film, Kodak
Europe) for 10 to 15 weeks in the presence of standards of known radioactivity

concentrations (Amersham Biosciences Europe). All ligands were purchased from
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Perkin Elmer (Germany) except for [°H]-CGP 54626 (BioTrend, Germany).
Competitors R-PIA and Clonazepam were purchased from Sigma Aldrich (Germany),
CGP 55845 and SYM 2081 from Tocris Bioscience (Great Britain) and quisqualate,
MK-801 and GABA from Biotrend (Germany).

Image analysis

Binding site densities (fmol/mg protein) were measured densitometrically as
described in detail (Zilles and Schleicher, 1991, 1995; Zilles et al., 2002). After
development of the autoradiographic films (Hyperprocessor, Amersham Biosciences
Europe), they were digitized (8-bit coding, 1300 x 1030 pixels) using a CCD-camera
(Progres C14, Jenoptik, Germany) equipped with a 55 mm lens (Zeiss, Germany)
and the KS400 image analysing software (Zeiss, Germany). The standards were
used to compute a transformation curve indicating the relationship between grey
values in the autoradiographs and concentrations of radioactivity in the tissue. The
digitized autoradiographs were printed, and regions of interest (ROIs) were traced
according to cytoarchitectonic criteria (Zilles, 1985) by comparison with neighbouring
histological sections and a drawing microscope (Axioscope, Zeiss, Germany). The
grey values in the cytoarchitectonically defined ROls were retrieved using a graphics
tablet (Wacom, Germany). Regional receptor densities were calculated in various
cortical regions. In each animal and ROI, receptor densities were measured in 3-5

randomised sections.

For Figures 1-2, autoradiographs were additionally colour-coded with the KS400
image analysing software solely to provide a clear visual impression of the regional
distribution of receptor binding sites. The 256 grey values of each linearized
autoradiograph were colour-coded by assigning eleven colours in a spectral

sequence to equally spaced grey value ranges.

Statistical analysis

An analysis of variance with repeated measurements was performed to determine
significant differences of regional mean receptor binding site densities between

experimental and control animals (p < 0.05 or p <0.01).
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Table 1: Brief summary of [°H]-ligands, displacers and binding conditions of autoradiographic experiments. *only added in main incubation; **only added in

pre- and main incubation

Receptor [’H]-Ligand Displacer Incubation buffer Pre-incubation ~ Main incubation Rinsing
AMPA AMPA, 10 nM Quisqualate, 10 uM 50 mM Tris-acetate (pH: 7.2) 3x10 min at 4°C 45 minat4°C  4x4 sec in buffer at 4°C
+ 100 mM KSCN* 2x2 sec in 2.5% glutaraldehyde in acetone
Kainate Kainate, 9.4 nM SYM 2081, 100 uM 50 mM Tris-citrate (pH: 7.1) 3x10 min at 4°C 45 min at 4°C 3x4 sec at 4°C
+ 10 mM Calcium acetate* 2x2 sec in 2.5% glutaraldehyde in acetone
NMDA MK 801, 3.3 nM MK 801, 100 uM 50 mM Tris-HCI (pH: 7.2) 15minat4°C 60 min, 20°C 2x5 min at 4°C
+ 50 pM Glutamate** 1 sec. in a. dest.
+ 30 uM Gylcine*
+ 50 uM Spermidine*
GABAA Muscimol, 7.7 nM GABA, 10 yM 50 mM Tris-citrate (pH: 7.0) 3x5 min at4°C 40 min at 4°C 3x3 sec at 4°C
1 sec. in a. dest.
GABAg CGP 54626, 2 nM CGP 55845, 100 uM 50 mM Tris-HCI (pH: 7.2) 3x5minat4°C 60 minat4°C  3x2sec at4°C
+ 2.5 mM Calcium chloride 1secin a. dest. at 4°C
BZ binding site |Flumazenil, 1 nM Clonazepam, 2 uM 170 mM Tris-HCI (pH: 7.4) 15minat4°C 60 minat4°C  2x1 min at 4°C
1 secin a. dest. at 4°C
Aq DPCPX + Gpp(NH)p, 1 nM R-PIA, 100 uM 170 mM Tris-HCI (pH: 7.4) 15 min at 4°C 120 min, 20°C  2x5 min at 4°C

+ 2 Units/l Adenosine deaminase
+ 100uM Gpp(NH)p*

1 secin a. dest. at 4°C
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Results

In PTZ-treated and control rats, mean densities (fmol/mg protein) of AMPA, kainate,
NMDA, A1, GABAA, BZ and GABAg binding sites were measured in the amygdala,
the piriform, entorhinal, somatosensory and retrosplenial granular cortices as well as
in the hippocampal CA1 region and the dentate gyrus (Fig. 1, 2; Tab. 2). Significant
differences between control and PTZ-treated rats were found for kainate, NMDA, BZ
and A, binding sites (Fig. 3).

High densities of AMPA receptors were observed in neocortical as well as
hippocampal regions of both control and experimental animals (Fig. 1 C, D). In the
neocortex, AMPA receptor densities were more prominent in supragranular
(superficially of layer 1V) than in infragranular layers. Highest regional densities were
measured in the hippocampal CA1 subfield and the dentate gyrus of control as well
as PTZ-treated animals. No significant differences in the binding site densities of
AMPA receptors were found between PTZ-treated and control animals.

In contrast to AMPA receptors, kainate binding sites exhibited high densities in
the infragranular cortical layers V and VI as well as in the putamen, CA3 region and
the dentate gyrus. By far the highest kainate receptor densities were found in the
stratum lucidum of CA3 and in the hilus region. A general decrease in kainate binding
sites of 20-40 % was found in all regions analyzed of PTZ-treated rats compared to
controls (Fig. 3).

The laminar distribution of NMDA receptors was similar to that of AMPA
receptors (Fig. 1 G, H). Compared to AMPA receptors, a very low density of NMDA
receptors was found in the pyramidal layer of CA1-3, but high densities in subcortical
areas like the thalamus (Fig. 1 G) and the geniculate nuclei (Fig. 1 H). A general
increase of NMDA binding in PTZ-treated animals was already seen in the colour
coded autoradiographs. A comparison between PTZ-animals and the controls
showed a significant increase of binding site densities (20-25 %) in the
somatosensory, piriform and entorhinal cortices as well as in the dentate gyrus and
the CA1 region in the PTZ-treated group, while the increase in the amygdala and
retrosplenial granular cortex did not reach significance (Fig. 3).

Highest densities of A4 receptors were seen in the hippocampal CA1 region
and the dentate gyrus, as well as in subcortical areas, e.g. thalamic and geniculate
nuclei (Fig. 2 G, H). The medial and dorsal neocortex displayed higher densities than

ventral regions, i.e. perirhinal, piriform or entorhinal cortex (Fig. 2 A, B). Highest A,
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densities were found in the infragranular layers. In PTZ-rats, a significant decrease
(17-20 %) of A4 receptor binding site densities was found in the amygdala and the
hippocampal CA1 region when compared to controls (Fig. 3). Contrast enhanced and
colour-coded images also suggest decreased A, receptor densities in the thalamus of
PTZ-treated rats (Fig. 2 A), but measurements did not reveal significant differences
between control (945 + 43 fmol/mg protein £ S.E.M) and PTZ-treated rats (869 + 33
fmol/mg protein £ S.E.M).

In both the control and experimental group, high densities of GABAa receptors
were found in the neocortex as well as in subcortical nuclei (Fig. 2 C, D). The
hippocampus, retrosplenial cortex and the amygdala exhibited low densities. In the
hippocampus, GABAa receptors were most prominent in CA1 and in the dentate
gyrus, with decreasing binding site densities along the rostro-caudal axis. CA2, CA3
and the hilar region showed very low densities. No significant differences in GABAa
receptor binding site densities could be found between control and PTZ-treated rats
in any of the analyzed brain regions.

BZ binding site densities were high in cortical areas and low in subcortical
areas (Fig. 2 E, F). Within the neocortex, highest BZ binding site densities were
present in layer V. Very high densities were also observed in the dentate gyrus. The
lowest densities were measured in the pyramidal layer of CA2-3. Significantly
increased (16-17 %) BZ binding sites in PTZ-treated rats compared to controls were
found in the dentate gyrus and CA1 region (Fig. 3).

GABAg receptors occur at high densities in the thalamic nuclei, particularly in
the paraventricular thalamic nucleus and the medial and lateral geniculate nuclei
(Fig. 2, G, H). In neocortical areas the highest densities of GABAg receptors were
found in the supragranular layers. In the insular, piriform or entorhinal regions, these
receptors appeared to be more homogenously distributed. Within the hippocampal
formation, the highest densities of GABAg receptors were measured in the dentate
gyrus, but only low amounts throughout CA1. The pyramidal layer as well as the hilar
region exhibited very low receptor densities. We did not find any significant

differences in density of GABAg receptors between control and PTZ-treated animals.
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Figure 1: Colour coded autoradiographs of AMPA, kainate and NMDA receptors in brains of control
and PTZ-treated rats. Scale bars code receptor densities in fmol/mg protein. Within each receptor
type, demonstrated hemispheres were colour coded using the same scaling. (A) Cytoarchitectonic
definition of measured regions (grey) at Bregma -3.3 mm and (B) at Bregma -5.3 mm according to
Zilles (1985). For detailed description see text. (C-D) AMPA receptors, (E-F) kainate receptors, (G-H)
NMDA receptors. Amygdala (AMG); piriform cortex (Pir); entorhinal cortex (Ent); somatosensory
cortex (Parl); retrosplenial granular cortex (RSG); dentate gyrus (DG);hippocampal CA1-region (CA1);
posterior paraventricular thalamic nucleus (PVP); thalamus (Th); geniculate nuclei (GN); perirhinal
cortex (PRh)
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Figure 2: Colour coded autoradiographs of A;, GABA,, BZ and GABAg binding sites in brains of
control and PTZ-treated rats. Scale bars code receptor densities in fmol/mg protein. Within each
receptor type, demonstrated hemispheres were colour coded using the same scaling. A
cytoarchitechtonic definition of measured regions is demonstrated in figure 1 A-B. For detailed
description see text. (A-B) A; binding sites, (C-D) GABA, receptors, (E-F) BZ binding sites, (G-H)
GABAg receptors.
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Table 2: Mean receptor binding site densities in fmol/mg protein + S.E.M. measured in the brains of control (n = 6) and PTZ-treated (n = 8) rats. Significant
differences are marked by one (p < 0.05) or two (p < 0.01) asterisks. Amygdala (AMG); piriform cortex (PIR); entorhinal cortex (ENT); somatosensory cortex

(Parl); retrosplenial granular cortex (RSG), dentate gyrus (DG); hippocampal CA1-region (CA1)

Receptor Treatment| Amygdala Piriform Entorhinal Par | RSG Mol CA1
AMPA PTZ 739 £+ 22 1324 + 45 1232 +£ 37 780 + 27 674 + 26 1599 + 94 1897 + 144
Control 770 + 40 1366 + 42 1343 + 102 877 + 10 806 + 40 1946 + 107 2028 + 49
Kainate pPTZ 329" + 17 341" £ 13 326" + 10 274 + 20 222** + 20 338" + 12 125" + 13
Control 459 £ 15 411 7 422 + 18 392 + 11 352 + 18 418 + 16 213 + 11
NMDA  pPTZ 611 + 41 1281 + 43 1354™ + 59 930" + 30 550 + 23 1678** = 73 1897*" + 114
Control 565 + 27 1032 + 50 1105 + 39 776 + 43 528 + 54 1363 + 50 1512 + 130
GABA, PTZ 500 + 47 1291 + 69 1268 + 48 1397 + 73 1039 + 83 1554 + 63 1045 <+ 111
Control 480 + 28 1095 + 76 1244 + 106 1359 + 38 1012 + 76 1178 + 24 937 + 51
GABAg PTZ 1913 £+ 20 2158 + 35 2276 + 51 1549 £+ 21 1155 £ 17 1701 + 36 1202 + 25
Control 1796 + 122 1963 + 93 2184 + 55 1564 £ 53 1235 £ 43 1791 + 42 1260 <+ 40
A PTZ 308** + 11 399 + 14 371 + 16 749 + 46 682 + 28 839 + 27 1136" =+ 42
Control 382 + 12 437 + 14 395 + 17 788 + 28 770 <+ 40 859 + 38 1364 + 77
BZ PTZ 1005 + 22 1225 + 25 1229 + 33 1371 + 46 1176 + 48 1674 + 39 1400 = 49
Control 935 + 44 1232 + 29 1164 + 42 1354 + 50 1146 + 66 1437 + 54 1193 =+ 73
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Figure 3: Bar charts of regional receptor binding site densities in fmol/mg protein £ S.E.M of kainate
(A), NMDA (B), BZ (C) and A (D) in control (n = 6) and PTZ-treated (n = 8) rats. Significant
differences are marked by one (p < 0.05) or two (p < 0.01) asterisks. Amygdala (AMG); piriform cortex
(PIR); entorhinal cortex (ENT); somatosensory cortex (Parl); retrosplenial granular cortex (RSG);

dentate gyrus (DG); hippocampal CA1-region (CA1).
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Discussion

The aim of this study was to determine the effects of repeated PTZ induced seizures
on the densities of binding sites of different excitatory and inhibitory neurotransmitter
receptors in the adult rat brain. A reduction of kainate receptor binding sites, but an
increase of NMDA receptors as well as of BZ binding sites were found in most brain
regions studied. The density of A4 receptor binding sites was reduced in a few
regions.

PTZ was introduced as a GABAa antagonist (Macdonald and Barker, 1978),
and later demonstrated to bind at BZ and picrotoxin binding sites (Rehavi et al.,
1982; Squires et al., 1984; Huang et al. 2001). Thus, it can be hypothesized that the
PTZ-treatment may reduce the binding to BZ binding sites of GABAa receptors, but
we did not find such reductions in the present study. In contrast, we found an
increase of BZ binding site densities in the CA1 region and the dentate gyrus of PTZ-
treated rats. This result can be explained by alterations of the subunit-composition of
the functional GABAA receptor complex in these areas, since binding sites for GABA
and BZ have different localisation and structural properties at the functional receptor
(Pritchett et al., 1989; Rudolph et al., 1999; McKernan et al., 2000; Baumann et al.,
2003). Binding of BZ is known to enhance GABAa receptor activity. It was
demonstrated that GABAs agonist administration reduces the effect after a single
PTZ application as well as after chronic PTZ treatment (Hansen et al., 2004).
Therefore, the increase of BZ binding sites might attenuate neuronal hyperactivity in
regions which have been shown to be particularly susceptible to epileptic activity
(Majores et al., 2007; Scharfman and Gray, 2007).

Autoradiographic studies in mice demonstrated a gradual and long-lasting
increase of NMDA receptor binding during a 26 day process of PTZ-kindling in the
dentate gyrus and CA3 together with a short term increase in the somatosensory
cortex (Ekonomou and Angelatou, 1999). Here, we demonstrated that NMDA
receptor up-regulation in CA1 and dentate gyrus, as well as in the somatosensory,
piriform and entorhinal cortices occurs already after two weeks. Thus, these findings
support the hypothesis that an increased NMDA receptor density is caused by PTZ-
induced seizure activity. Rats exposed to moderate hypoxia exhibit a reduced
susceptibility to PTZ-induced seizures (Rauca and Ruethrich, 1995). Since
application of NMDA or A4 receptor antagonists before hypoxia blocked the decrease

of PTZ-susceptibility, an involvement of these receptors has been proposed in the
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underlying neuroprotective mechanism. However, the inhibition of NMDA receptors
has also been shown to reduce PTZ-induced seizure activity (Jiang et al., 2004).

A4 receptor activation can mediate antiepileptic effects in the PTZ-model
(Barraco, 1984; Malhotra and Gupta, 1997; Zgodzinsdki et al., 2001; Omrani and
Fathollahi, 2003; Ates et al., 2005). Activation of A4 receptors results in a reduction of
glutamate release (Prestwich et al., 1987) and modulates neuronal function
(Fredholm et al., 2005). There are several reports of Ay receptor densities being
upregulated in brain regions of PTZ-treated mice, including the amygdala and the
CA1 region (Angelatou et al., 1990; Pagonopoulou et al., 1993; Tchekalarova et al.,
2005). In contrast to these reports, we observed significantly decreased A1 receptor
binding site densities in these regions.

Synaptic adenosine release is differentilally regulated during acute and chronic
seizure situations. This is mainly due to a biphasic expression of the astrocytic
enzyme adenosine kinase (for review see Boison, 2008). Since we demonstrated
enhanced affection of astrocytes in our PTZ-model of repeatedly induced seizures, it
may be hypothesized that our results represent a chronic epileptic situation.
However, we did not observe evidence of enhanced cellular decline, which is a
hallmark of chronic epileptic tissue. According to electrophysiologal experiments, our
treatment serves as a model of repeated seizure episodes, since to achieve fully
kindled animals PTZ-treatment must continue for longer periods or must be applied in
shorter intervals (e.g. Rauca et al., 2004; Park et al., 2006).

It seems likely that the results described above are in fact not contradictory,
but the result of differences in the methodological approach. We used the inverse
agonist [PH]-DPCPX in the presence of guanosine 5'-[B,y-imido]triphosphate
(Gpp(NH)p), a stable GTP-analog that decouples the G-protein from the receptor.
Therefore, the presence of Gpp(NH)p during incubation enables binding to all
available A4 receptors independent from their state of activation. The studies noted
above were performed using the agonistic [*H]-n®-Cyclohexyladenosine (CHA) in
absence of Gpp(NH)p. Since binding of CHA to A receptors is highly dependent on
the status of G-protein coupling (Fastbom and Fredholm, 1990), it seems likely that
the discussed results are in fact not contradictory, but the effect of differences in the
methodological approach. Future effort is necessary to elucidate this subject.

Kainate receptors are generally believed to play a role in the epileptic

pathology. However, due to their ubiquitous occurrence, varying synaptic and
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subcellular localisations as well as their multiple functions (Lerma, 2003; Pinheiro
and Mulle, 2006), the involvement of kainate receptors in epileptic seizures remains a
matter of debate. We demonstrated decreased kainate binding sites in all
investigated regions of PTZ-treated rats. In accordance with our findings, it has been
described that fully PTZ-kindled rats (30 mg/kg, 4-6 weeks daily) exhibit reduced
kainate binding (Luthman and Humpel, 1997). It remains to be addressed though,
whether PTZ-treatment directly affects receptor expression or whether the observed
decrease is secondary to epileptic activity. A follow up study using lower clearly
subconvulsive doses of PTZ would complement our present data.

HSP-27 expression is regionally elevated in astrocytes due to oxidative stress
in both human epileptic patients as well as in the PTZ-model (Bidmon et al., 2004,
2008). Therefore, one goal of the present study was to test the hypothesis that PTZ-
induced impairment of glia cells results in alterations of neurotransmitter receptor
densities. We found a partial overlap of regions showing glial heat shock response
and altered receptor densities. Regions in which altered HSP-27 expression and
binding site densities coincided were the piriform-entorhinal cortex, the dentate gyrus
and the amygdala. In the somatosensory cortex receptor binding sites were
significantly changed, but not the glial heat shock response (Bidmon et al., 2005). For
the retrosplenial cortex we found a decrease of kainate binding but no increase in
HSP-27 induction (Bidmon et al. 2005). Therefore, changes in the retrosplenial cortex
would correspond to the early activations observed during PTZ-induced seizures as
revealed by functional imaging (Brevard et al. 2006) or c-fos induction (André et al.,
1998). However, the most striking difference was detected in CA1, where
considerable alterations of receptor binding sites were not accompanied by a glial
heat shock response. We therefore suggest, that alterations of receptor densities in
the PTZ-model occur independent of corresponding glial impairment and precede the
glial reaction in a region-specific manner. It has to be noted though, that region-
specific differences among astrocytes have been reported. For example CA1 glia
cells are characterized by a clear lack of NMDA receptors and ionotropic receptors
for extracellular adenosine (Matthias et al., 2003; Lalo et al., 2006; Jabs et al., 2007).
These differences may contribute to the fact that some regions show receptor
alterations and concomitant glial changes, whereas in other regions receptor
differences occur without severe and already detectable concomitant glial responses.

Taken together, our results demonstrate alterations of kainate, NMDA, A1 and
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BZ binding site densities in epileptic tissue of our PTZ-model. These changes were
independent of glial impairment as indicated by comparison with HSP-27 expression.
Further effort is necessary to elucidate whether PTZ directly influences receptor

expression, or whether these changes are secondary to epileptic onset.
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Fast, quantitative in situ hybridization of rare mRNAs using *C standards and

phosphorus imaging
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Here, we describe a method for fast, quantitative in situ hybridization (qlSH) of
mRNAs using *P-labelled oligonucleotides together with '*C-polymer standards
(Microscales, Amersham Biosciences) and a phosphorus imaging system (BAS 5000
Biolmage Analyzer, Raytest-Fuiji). It enables a complete analysis of rare mMRNAs by
ISH.

We used this approach as an example for applications to quantify the expression of
GluR1 and GIuR2 subunit mRNAs of the a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor in the hippocampus of untreated rats, and
after intraperitoneal application of the organo-arsenic compound dimethyl arsenic

acid.
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Abstract

The use of radiolabelled probes for in situ hybridization (ISH) bears the advantage of
high sensitivity and quantifiability. The crucial disadvantages are laborious
hybridization protocols, exposition of hybridized sections to film for up to several
weeks and the time consuming need to prepare tissue standards with relatively short-
lived isotopes like **P or *°S for each experiment. The quantification of rare mMRNAs
like those encoding for subunits of neurotransmitter receptors is therefore a
challenge in ISH.

Here, we describe a method for fast, quantitative in situ hybridization (qISH) of
mRNAs using *P-labelled oligonucleotides together with '*C-polymer standards
(Microscales, Amersham Biosciences) and a phosphorus imaging system (BAS 5000
Biolmage Analyzer, Raytest-Fuiji). It enables a complete analysis of rare mMRNAs by
ISH. The preparation of short-lived **P-standards for each experiment was replaced
by co-exposition and calibration of long-lived "C-standards together with **P-labelled
brain paste standards. The use of a phosphorus imaging system allowed a reduction
of exposition time following hybridization from several weeks to a few hours or days.
We used this approach as an example for applications to quantify the expression of
GIluR1 and GIuR2 subunit mRNAs of the a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA) receptor in the hippocampus of untreated rats, and
after intraperitoneal application of the organo-arsenic compound dimethyl arsenic

acid.

Key words
quantitative in situ hybridization, standardization, microscales, phosphorus imaging,

autoradiography, neurotransmitter receptors, dimethyl arsenic acid
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Introduction

Quantitative in situ hybridization (qISH) of mMRNAs wusing radiolabelled
complementary nucleic acid probes is a powerful method to visualize and quantify
gene expression. The measurement of mRNAs using **P- or *°S-labelled
oligodeoxynucleotides is a highly sensitive, reliable technique and equivalent to RT-
PCR based approaches (Broide et al., 2004). However, besides quantifiability ISH
bears the advantage of visualizing mRNA expression within the native tissue
providing a more discrete, anatomical analysis.

Assessment of gene expression using qISH demands some basic premises. First, a
reliable standardization is needed in order to compare the results of different
experiments or the expression patterns of different mMRNAs. Second, a highly
sensitive approach is necessary to achieve reliable results when rare mRNAs are
quantified. Third, unspecific binding has to be accurately monitored to correct
quantitative results from densitometric measurements. Although qISH is widely
accepted as an appropriate method to analyse gene expression patterns in the brain,
not all current protocols are applicable concerning standardization, sensitivity and
signal to noise ratio. Protocols matching all premises for accurate qISH are often
laborious and time demanding (Vizi et al., 2001). When using nucleic acid probes,
deoxyribonucleotides are less delicate during handling and storage than riboprobes,
since they are insensitive to degradation by ribonucleases. Nucleic acid probes for
qISH are typically marked using either *°S- or **P-labelled nucleotides. The use of
P bears higher sensitivity than approaches using **S due to its higher emission
energy (0.25 MeV vs 0.17 MeV), thus, being preferable in gISH when measuring rare
MRNAs.

Polymer standards labelled with "™C can be used for calibration of autoradiographs
prepared with **S or **P-labelled probes (Miller, 1991; Baskin and Stahl, 1993). The
use of "C is beneficial because of its half-life (5730 years) compared to short-lived
P (25.4 days), which spares the tedious preparation of tissue standards for each
experiment.

Phosphor imaging can be used as an alternative to conventional film autoradiography
reducing the time required for probe exposition several fold (Ito et al., 1995). Further
advantages of phosphor imaging are its high sensitivity, the linearity of response and

its high dynamic range. It is applicable for different isotopes typically used in
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autoradiography and we have positive experience using it with '°F as well as °H (e.g.,
Bauer et al., 2003; Langen et al., 2007). Here, we introduce this technique in **P
qISH.

Since the organo-arsenic compound dimethyl arsenic acid (DMA") has been
proposed to reduce the number of AMPA receptors and its subunit expression
(Kruger et al., 2006; 2007), we tested our method by quantifying the expression of
GIluR1 and GIuR2 subunit mRNAs in the hippocampus of rats which were either
treated with DMA"' or saline only.
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Materials and methods

Animals

All experiments were performed according to the German animal welfare act and
approved by the responsible governmental agency. Wistar rats (Harlan Winkelmann,
Germany) were kept under standard laboratory conditions with access to food and
water ad libitum. Male rats were treated at postnatal day 7 (P 0 being the day of birth)
with a single intraperitoneal dose of either physiological saline containing the organo-
arsenic compound dimethyl arsenic acid (670 ug DMA'"/kg bodyweight) or vehicle

(saline) only.

Tissue processing

At postnatal day 35 rats were anesthetized by CO, and decapitated. The brains were
removed and either used for standard calibration or were quickly frozen in -50°C
isopentane and stored at -80°C. For hybridization, coronal, 20 uym thick cryostat (CM
3050; Leica) sections were serially cut at -20°C, mounted on silan coated slides and
dried on a heating plate at 37°C for 15 minutes. Sections were subsequently fixed in
4% paraformaldehyde dissolved in 0.1 M phosphate buffered saline (PBS) pH 7.4 for
15 minutes, rinsed three times in PBS for 5 minutes and dehydrated in 70 % , 95 %

and 100% isopropanol. Sections were stored in 100% isopropanol at 4°C until use.

Calibration of ™C-microscales using **P-brain paste standards

Three brains were dispersed at 20,000 rpm for 5 minutes with a homogenizer (Miccra
D-13, Art-Labortechnik, Germany). An aliquot was used to measure the protein
content of the homogenate using Bradford reagent (Sigma-Aldrich). Further, to each
1 g of homogenate 0.6-12.5 kBq of **P-dATP (111 TBg/mmol, PerkinElmer) were
added, again homogenized for 1 minute, centrifuged for 10 minutes at 1,000 g and
finally stored at -80°C over night. Of each tissue-standard three portions were
weighted on an analytical balance and concentration of radioactivity (Bg/mg tissue)
was estimated by liquid scintillation (Tri-Carb 2100TR, Packard BioScience).
Sections of 10, 20, 30 and 50 um thickness were prepared of each brain paste
standard on a cryostat, mounted on silan coated slides, air dried and exposed to
phosphor imaging plates (IPs) (BAS-SR 2025; Raytest-Fuji) together with *C-plastic

standards (Microscales; Amersham Biosciences) for 16, 48 and 72 hours.
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Oligonucleotide probes

Oligodeoxyribonucleotides (Sigma-Aldrich) complementary to rat GluR1 or GIuR2
subunit mMRNAs of the AMPA receptor were used for hybridization. The GluR1 probe
was complementary to bases 1893-1937 of the mRNA (GenBank no. X17184.1),
while the GIuR2 probe was complementary to bases 2041-2076 of the respective
MRNA (GenBank no. M85035.1).

Radiolabelling

Oligonucleotide probes were 3-labelled using *P-dATP (111 TBg/mmol,
PerkinElmer) and terminal deoxynucleotidyl transferase (TdT). 0.5 pmol probe, 1
MBq of *P-dATP and 30 units of recombinant TdT (Terminal Deoxynucleotidyl
Transferase, Recombinant, Promega) were incubated at 37°C for 90 minutes in a
final volume of 10 yl 100 mM potassium cacodylate (pH 6.8 at 25°C), 0.1 mM
dithiothreitol and 1 mM CoCl,. The reaction buffer was provided by the supplier of
TdT. To terminate the reaction, the assay was chilled on ice for 1 minute, diluted with
40 ul of STE-buffer (0.9 % NaCl, 10 mM Tris-HCI, 1 mM EDTA, pH 8.0) and the
probe was subsequently purified from unincorporated nucleotides using sephadex
columns (ProbeQuant G-50, GE Healthcare) according to the manufacturers’
instructions. Finally, the purified probe was dissolved in bi-distilled water to a final
volume of 150 pl and specific activity (SA) was estimated by triplicated liquid
scintillation measurement. A typical probe exhibited a SA between 300-600

TBg/mmol.

Hybridization
Sections were air dried and pretreated for 15 minutes in 1x standard saline citrate

(SSC, pH 7.0) at room temperature containing 0.1 mg/ml proteinase K (Sigma-
Aldrich). Subsequently, sections were washed two times in 1x SSC for 5 minutes.
Labelled oligonucleotides were diluted (30 pM) in hybridization buffer containing 50%
de-ionized formamide, 4x SSC pH 7.0, 1 mM sodium pyrophosphate, 0.25 mg/mi
hydrolysed salmon sperm DNA, 0.1 mg/ml polyadenylic acid and 100 mg/ml dextran
sulfate. 50 ul of probe buffer were added to each section, covered with Parafim™
and incubated in a humid chamber over night at 42°C. Unspecific binding was
monitored in presence of 100-fold excess of unlabelled oligonucleotide. Following

incubation, sections were rinsed for 10 minutes in 1x SSC at room temperature, 20
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minutes in 1x SSC at 60°C, 5 minutes in distilled water at room temperature,
dehydrated in 70%, 95% and 100% isopropanol and finally air dried. Sections were

exposed for 48 h to IPs together with '*C-microscales.

Image analysis

A BAS 5000 Biolmage Analyzer (Raytest-Fuji) was used to scan the IPs and
measure photo stimulated luminescence (PSL), resulting in digital autoradiographic
images.

Standard image analysis software (AIDA 2.31; Raytest) was used for image analysis.
Densitometric measurement of mRNA expression was performed for each receptor
subunit on 3-5 serial sections of each six brains per group. Specific binding was
defined as total binding minus unspecific binding and mean densities were calculated
for regions of interest (ROIs), i.e. hippocampal subfields CA1, CA2/3 and dentate
gyrus (DG). ROIs were traced according to the cytoarchitectonic atlas of Zilles
(1985).

The measurements of optical density (PSL/mm?) within ROls were first converted into
Bag/mg tissue using a calibration curve based on the values of '*C-microscales
coexposed with *P tissue standards. In a second step estimation of SA of the
labelled probe and the protein content of tissue standards were used to calculate

mRNA copy numbers per mg protein (fmol x 10°/mg protein).

Data analysis

Data are expressed as mean * SD unless otherwise indicated. Results of qISH
experiments have been statistically analysed using one-way analysis of variance with

repeated measurements.
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Results

Influence of section thickness and exposure time

Brain paste sections (10-150 um) were exposed to IPs for 16 h, to evaluate the
influence of section thickness on signal intensity. Three sections were used for each
nominal thickness. The increase of PSL/mm? with section thickness was fitted by
second order polynomial regression (r = 0.996; Figure 1). The increment was
approximately linear between 10 and 60 pm (r = 0.980). Section thickness for
standard calibration and qISH was kept within this range.

To verify that the amount of radioactivity in the brain paste section was linearly
increasing with section thickness (Bg/um thickness), each three sections were
additionally measured by liquid szintillation (Figure 1, inlay). The increase of
radioactivity proved to be linear within this range (r = 0.997).

To investigate the influence of exposure time on PSL/mm? "*C-plastic standards were
exposed to IPs for 4-120 hours and the PSL/mm? measured for one level (3.68
Bg/mg polymer). The PSL/mm? was plotted against exposure time and fitted by
second order polynomial regression (r = 0.997, Figure 2). The increase of PSL/mm?

with exposure time was approximately linear between 4-48 hours (r = 0.994).

Calibration of "“C-plastic standards

To calibrate '*C-platic standards for qISH *P-labelled brain homogenate sections
(10, 20, 30, 50 um thick) were exposed with "C-plastic standards against IPs for 16,
48 and 72 h. For each section thickness and exposure period the PSL/mm? was
plotted against radioactivity concentration (Bg/mg tissue) and the relationship
between PSL/mm? and Bg/mg was estimated by linear regression (Figure 3). The
underlying equations were used to derive tissue-equivalent radioactivity from
PSL/mm? produced by the different levels of "C-standards and the mean # standard
deviation was calculated (Table 1).

Using the calculations of protein content from brain homogenates (54.3 + 6.5 mg
protein/g tissue), measurements of tissue-equivalent radioactivity can be expressed

as Bg/mg protein.
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GluR1 and GluR2 mRNA expression
Following calibration, "C-microscales were used as standards to measure the mRNA

levels of GIuR1 and GluR2 mRNAs (Bg/mg protein) in the hippocampal subfields
CA1, CA2/3 and DG of rats, treated with either a single dose of DMA" or saline only.
The SA (Bq/fmol) of the respective oligonucleotide was then used to calculate the
regional MRNA density given as fmol x 10°*/mg protein.

Treatment with DMA" significantly reduced the mRNA levels of both GIuR1 and
GIluR2 subunits in the ROls investigated (Figures 4 and 5). While the levels of GluR1
mRNA of DMA"-treated rats proved to be significantly reduced in all ROls (-48-61%,
p < 0.001 or 0.01), GluR2 mRNA density was only found to be significantly changed
in CA1 (-35%, p < 0.05) and CA2/3 (-58%, p < 0.01).
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Figure 1: Influence of *p prain paste section thickness on phosphorus imaging signal intensity. The
increase of PSL/mm? with section thickness was fitted by second order polynomial regression. The
increment was approximately linear between 10 and 60 uym (dashed line, r = 0.980). Inlay: Radioactive
content measured by liquid scintillation increases linearly with section thickness, demonstrating
homogenous distribution of **P within the tissue standard.
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Figure 2: Influence of exposure time on signal intensity of 14C-polymer standards exposed against 13-
sensitive phosphorus imaging plates. A radioactive '“C standard (3.68 Bg/mg polymer) was exposed
against IPs for 4-120 hours and the PSL/mm’ was measured. A curve was fitted by second order
polynomial regression. The increment of signal intensity with exposure time was approximately linear
between 4-48 hours (dashed line, r = 0.994)
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Figure 3: Calibration of C-plastic standards for qISH using *p_jabelled brain homogenate sections.

Brain paste standards with increasing radioactive concentrations (0.6-73.8 Bg/mg tissue) were used.

Sections of 10, 20, 30 and 50 ym thickness were exposed against R-sensitive IPs for 16-72 hours

together with *C-standards to derive tissue-equivalent radioactivity for the different levels of "*C (for

details see text).
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Table 1: Calculation of tissue-equivalent radioactivity of “c polymer standards using the equations of

linear regression derived from co-exposition with P prain paste standards.

'“C Standard Tissue-equivalent radioactivity
(Ba/mg) (**P Ba/mg)
10 um 20 ym 30 um 50 um
0.19( 0.17 + 0.01 0.09 + 0.00 0.06 £ 0.01 0.04 + 0.01
0.37| 0.34 +0.02 0.18 + 0.02 0.13 £ 0.01 0.08 + 0.00
0.93| 0.84 +0.05 0.44 + 0.03 0.31 £ 0.01 0.21 £ 0.01
1.10 1.04 + 0.03 0.55 + 0.06 0.39 £ 0.04 0.26 + 0.03
1.82 1.70 + 0.08 0.89 + 0.05 0.62 + 0.03 0.42 + 0.02
210 2.00 + 0.01 1.06 + 0.10 0.72 £ 0.06 0.49 £ 0.05
3.68] 3.34 £ 0.06 1.76 + 0.13 1.23 £ 0.05 0.83 £ 0.03
4401 4.00 £ 0.05 211 £ 0.20 146 £ 0.13 0.99 £ 0.09
8.40| 7.70 £ 0.06 4.06 + 0.38 276 £ 020 1.87 £ 0.15
13.00] 11.84 £ 0.15 6.25 £+ 062 4.16 £+ 0.30 2.82 + 0.22
19.20] 17.59 £ 0.15 9.29 £ 0.96 6.13 £ 041 415 £ 0.30
25.80] 23.59 £ 042 1246 +1.40 8.30 £+ 0.60 5.62 + 0.44
33.10f 30.51 £+ 0.79 16.13 +1.94 10.37 £ 065 7.02 £ 0.47
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Figure 4: Quantification of GluR1 and GIuR2 mRNA expression levels in the hippocampus of rats,

treated with a single intraperitoneal injection of DMA™ or vehicle. Treatment with DMA™ leads to

significant reduction of both GluR1 and GluR2 mRNAs in the hippocampal subfields. Mean + SEM; * p
<0.05; ** p<0.01; *** p <0.001.
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Figure 5: Intraperitoneal injection of DMA"

reduces the expression of GIuR1 and GIuR2 subunit
mRNAs in the rat hippocampus. Contrast enhanced and colour coded autoradiographs of quantitative
in situ hybridization visualize the distribution and relative expression levels of the respective mRNA.

For each subunit autoradiographs have been colour coded using the same scaling.

control unspecific binding
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Discussion

The aim of the present study was to establish a fast method for analysing the
expression levels of neurotransmitter receptor mRNAs in the brain. Our results
demonstrate that mRNAs of neurotransmitter receptor subunits can be accurately
measured using the method described.

Using in vitro receptor autoradiography, a maximum image resolution of 10 ym can
be achieved with *H-labelled ligands and conventional film (Zilles et al., 2002). In
comparison, IPs exhibit only a limited resolution of 50 um, thus, resulting in a
disadvantage concerning image quality of phosphorus imaging when working with
®H-labelled probes. However, the use of *H-labelling is generally regarded as
inappropriate for qISH, since quenching of ®H radiation by lipophilic structures and
proteins within the tissue would adulterate quantitative analysis. Thus, probes for
qISH are typically labelled using *S or **P, which are less affected by tissue-inherent
quenching due to their higher emission energies. Here, the maximum spatial
resolution within a **P-labelled tissue sample was shown to be within the range of
140-160 pum (Figure 1). Conclusively, when working with **P, there is no advantage in
image resolution using conventional film. The use of phosphorus imaging is a
suitable approach to generate autoradiographs in qISH within only a few hours or
days. Depending on specific activity of the hybridization probe, images of high quality
can be produced in less than 8 h. However, we generally prefer exposition times
between 16-48 hours for optimal results rich in contrast. Exposition for more than 72
hours does not substantially improve signal intensity or image quality respectively (cf.
Fig. 2).

In order to simplify the experimental workflow we reduced our protocol to a few
necessary steps. However, although hybridization experiments worked without any
pretreatment of sections, we observed noteworthy enhancement of ISH signals when
applying proteinase K treatment to increase probe penetration. Performance of ISH
for low abundant mRNAs without this step did often result in poor signal to noise
ratio. Although often suggested, we did not observe an improvement in signal to
noise ratio when adding prehybridization steps or further high stringency washes
following hybridization. The time for preparing the sections can be further short cut by
immediate use of sections for hybridization without tissue fixation. Although this

approach provides feasible hybridization results, the histological quality of sections
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was drastically reduced by omitting the fixation. Furthermore, when fixed tissue is
used for ISH the degradation of target RNA by ribonucleases is a negligible risk
(Tongiorgi et al., 1998).

To test our approach, we measured the expression of GluR1 and GIuR2 subunit
MRNAs of the AMPA receptor in the hippocampus of saline treated rats and after a
single application of DMA". Our results showed that DMA"' significantly reduces the
MRNA expression levels of GluR1 and GluR2 subunits in the hippocampus. Thus,
MRNAs of neurotransmitter receptor subunits show the awaited reduction after using
the present method.

It has to be noted though that quantitative ISH does not reflect absolute in vivo
quantities of mMRNA copies, since factors affecting ISH are numerous (e.g. tissue
fixation, pH, proteinase treatment, probe length and penetration, hybridization
temperature). Although attempts have been made to normalize quantitative ISH
results, e.g. by calculation of maximum hybridization capacities (Vizi and Gulya,
2000), it remains difficult to compare quantitative data gained by different protocols or
experimental approaches. Therefore, we preferred a quantitative ISH protocol which
is a good compromise between technical simplicity, standardization and reliability
that can be used in large scale experiments.

In conclusion, we here described a protocol for quantitative ISH that can easily be
performed within two or three days. Additionally, our approach does neither require
particular precautions against probe degradation. Thus, the method can be easily

used in any laboratory to quantify the expression of high and low abundant mRNAs.
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Inhibition of glutamate/glutamine cycle in vivo results in decreased
benzodiazepine binding and differentially regulated GABAergic subunit

expression in the rat brain
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Jennifer Lopez Escobar; Erwin-J. Speckmann, and Karl Zilles

The astrocytic enzyme glutamine synthetase (GS) is a key regulator of glutamate and
GABA metabolism in the glutamate/glutamine cycle (GGC). Inhibition of GS results in
changes of neurotransmitter release and recycling. However, little is known about the
influence of GGC on neurotransmitter receptor expression. In the pentylenetetrazole
model of epilepsy GS becomes nitrated and partially inhibited, and we demonstrated
alterations of neurotransmitter receptor expression in the same model. Thus, we
hypothesized similar changes of neurotransmitter receptor expression when GS is

inhibited in vivo.
Based on our findings, we conclude that the glutamate/glutamine cycle directly
influences GABAergic neurotransmission by regulating GABAa subunit composition,

thus affecting its modulation by endogenous benzodiazepines.
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Summary

Purpose: The astrocytic enzyme glutamine synthetase (GS) is a key regulator of
glutamate and GABA metabolism in the glutamate/glutamine cycle (GGC). Inhibition
of GS results in changes of neurotransmitter release and recycling. However, little is
known about the influence of GGC on neurotransmitter receptor expression. In the
pentylentetrazole model of epilepsy GS becomes nitrated and partially inhibited, and
we demonstrated alterations of neurotransmitter receptor expression in the same
model. Thus, we hypothesized similar changes of neurotransmitter receptor
expression when GS is inhibited in vivo.

Methods: Rats were treated with a single dose (100 mg/kg bodyweight) of L-
methionine sulfoximine (MSO), an irreversible inhibitor of GS. We used *H-receptor
autoradiography to measure glutamatergic (a-amino-3-hydroxy-5-methyl-4-isoxazol-
propionic acid (AMPA), kainate, NMDA), GABAergic (GABAx, GABAg and GABAa
associated benzodiazepine (BZ) binding sites), dopamine D4 and adenosine A;
receptor subtypes. In addition, we performed saturation analysis of BZ binding sites
on cerebral membrane homogenates and investigated the expression of GABAA a4
and y» subunits (which primarily mediate BZ binding) by western blot analysis.
Results: We demonstrated a significant reduction of BZ binding in the
somatosensory, piriform and entorhinal cortices and in the amygdala 24h and 72h
after MSO-treatment. Saturation analysis revealed decreased BZ-binding (Bmax) on
cerebral membrane homogenates 72h after MSO-treatment without changes in
binding site affinity (Kp). Furthermore, we found differential changes of a4, y2 and
phosphorylated y» subunits following MSO treatment.

Conclusion: Based on our findings, we conclude that the glutamate/glutamine cycle
directly influences GABAergic neurotransmission by regulating GABAa subunit

composition, thus affecting its modulation by endogenous benzodiazepines.

Keywords: L-methionine sulfoximine, neurotransmitter receptors, GABAa,

benzodiazepine binding, autoradiography, in situ hybridization
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Introduction

The glutamate/glutamine cycle (GGC) is a major regulator of glutamate and GABA
metabolism (reviewed by Bak et al., 2006). Glutamate is released into the synaptic
cleft during neurotransmission and subsequently removed via uptake into astrocytes.
The astrocytic enzyme glutamine synthetase (GS) catalyzes the generation of
glutamine from glutamate (Martinez-Hernandez et al., 1977), which is transferred via
system N and A transporters into neurons (Chaudhry et al., 2002) where it is
deaminated by phosphate-activated glutaminase, thus producing glutamate
(Kvamme et al., 2000). The cycle is completed by transport of glutamate into
vesicles. Although GABAergic interneurons are capable of recycling GABA by
specific transporters, a major source of vesicular GABA is derived from
decarboxylation of glutamate (Martin and Tobin, 2000).

L-methionine-sulfoximine (MSO) irreversibly inhibits GS in vivo and in vitro (Lamar
and Sellinger, 1965; Ronzio et al., 1969). A seizure model was recently established
in rats using chronic hippocampal microinfusion of MSO (Eid et al., 2008) which
induces recurrent epileptic activity, thus modelling the pathology of mesial temporal
lobe epilepsy (Eid et al., 2004) and implying GS is a putative target for
pharmacological intervention.

Neurotransmitter alterations following GS-inhibition have numerously been reported
for different brain regions and animal models. Application of MSO in vivo transiently
decreases whole brain GABA content (Stransky, 1969). GABA, glutamate and
glutamine concentrations are differentially altered in the neostriatum and globus
pallidus of MSO-treated rats (Fonnum and Paulsen, 1990), while the striatal release
of dopamine is affected by MSO infusion (Rothstein and Tabakoff, 1982).
Furthermore, the GGC regulates synaptic GABA content under physiological
conditions (Liang et al., 2006). Vice versa, activation of neurotransmitter receptors
influences GGC activity, that is, an activation of glutamatergic NMDA receptors
reduces GS activity, likely by increasing the formation of nitric oxide and resulting
nitration of GS (reviewed by Rodrigo and Felipo, 2007). Together, these data suggest
a close regulatory relation between neurotransmitters, their receptors and the GGC.
Intraperitoneal injection of MSO leads to enhanced heat shock protein 27 (HSP-27)
expression in all astrocytes (Bidmon et al., 2008). In the pentylentetrazole model of
epilepsy glial HSP-27 response exhibits a much more focal pattern and, furthermore,
GS becomes nitrated and its activity reduced (Bidmon et al., 2005, 2008).
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Additionally, we have shown that these changes largely coincide with alterations of
different neurotransmitter receptor densities in a region specific manner (Cremer et
al., 2009a). Therefore, we proposed that disturbances of GGC might influence the
expression of neurotransmitter receptors in vivo.

We performed a multi receptor study to investigate the effects of GS inhibition on the
densities, affinity and subunit composition of neurotransmitter receptors of the
glutamatergic, GABAergic and dopaminergic systems. Since alterations of glutamate
recycling could result in changes of astrocytic glutamate transport (Rothstein and
Tabakoff, 1985), we further investigated the expression of the major glutamate
transporters GLAST and Glt-1.

We show that in vivo inhibition of GS decreases BZ binding and differentially
changes GABAAa subunit composition, suggesting a mechanism in which the GGC is

a regulatory element of GABAergic neurotransmission.
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Methods

Animals

8-week-old, male Wistar rats (220-250 g bodyweight, Charles River, Sulzfeld,
Germany) were used for all experiments and housed under standard conditions
(Bidmon et al.,, 2005). All experiments were approved by the responsible
governmental agency and conducted according to the German Animal Welfare Act.

MSO-treatment

Rats were intraperitoneally injected with either a single dose of MSO (n = 24 animals,

100 mg/kg bodyweight, Sigma-Aldrich, Seelze, Germany) dissolved in physiological
saline or vehicle (n = 12). Behavioural effects of MSO were observed as described
(Rao and Murthy, 1988; Yamamoto et al., 1989). MSO treated rats behaved normal
until 4h after dosing, when akinesia and ataxia progressively appeared. First signs
started when the animals moved their head and thorax slowly in a pendulum like
motion when trying to focus. The rats exhibited seizures approximately 8-13 hours
after MSO treatment and recovered over night. MSO treated rats were divided in two
groups which were sacrificed by decapitation 24h or 72h after treatment. Control
animals were sacrificed 24h after the treatment. The brains were removed and frozen

in isopentane at -50°C.

GS-activity assay

GS activity was measured by y-glutamyl transferase reaction (Webb & Brown, 1976)
and has been described (Bidmon et al., 2008). Briefly, rats were decapitated, the
cerebral cortex dissected and frozen on dry ice. Aliquots of cortical homogenates
containing equal protein amounts in a total volume of 100ul were incubated with 900
gl of reaction mixture at 37°C. The reaction was terminated by adding 1 ml stop
solution and centrifuged at 20,000 g (4°C). Absorbance was determined in protein
cleared supernatants at 500 nm. GS activity of cerebellar protein homogenates of
controls was set to 1 and activity found in MSO treated animals was expressed as a

fraction thereof.
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3H-receptor autoradiography

Unfixed, frozen hemispheres were serially sectioned (20 ym) in the coronal plane
using a cryostat (Leica, Wetzlar, Germany) and were processed for quantitative in
vitro receptor autoradiography according to standard protocols (Zilles et al., 2002;
Zilles et al., 2004; Cremer et al., 2009a). Briefly, sections were washed, incubated in
buffer containing the 3H—Iigand and finally rinsed in buffer. Unspecific binding was
monitored by incubation in presence of excess non-radioactive competitor. Sections
were exposed to R-sensitive imaging plates (BAS-TR 2025; Raytest-Fuji,
Straubenhardt, Germany) for 72 hours in the presence of standards of known

radioactive concentrations (GE Healthcare, Freiburg, Germany).

Saturation analysis

The principles of saturation analysis have been described (Basile, 1997).
Experiments were carried out as recently described (Palomero-Gallagher et al.,
2009) with some modifications. Fresh frozen hemispheres (without cerebellum) were
transferred into 10 ml of ice cold tris-citrate buffer (50 mM, pH 7.4) and homogenized
for 1 minute with a homogenizer (Miccra D-13, Art-Labbortechnik, Mdullheim,
Germany) at 15.000 rpm. Homogenates were washed four times with 10 ml tris-
citrate buffer and subsequent centrifugation (4°C, 14.800 g, 60 min) and stored at -
80°C. For analysis probes were thawed, centrifuged (4°C, 14.800 g, 60 min) and the
pellet diluted in incubation buffer (170 mM Tris-HCI, pH 7.4). Protein concentration of
homogenates (0.3-0.6 mg/ml) was photometrically determined prior to experiments.

Filtration assay. Final assay volume was 300 pl. In glass reaction tubes 50 pl aliquots
of *H-Flumazenil (10 concentrations) were added to 100 pl of brain homogenate and
150 ul of incubation buffer. Triplicated measurement was performed for each
concentration by scintillation spectrometry (Tri-Carb 2100, Canberra-Packard,
Dreieich, Germany). Ligand concentrations in the assay ranged between 0.2-20 nM.
Unspecific binding was monitored by excess addition of a specific competitor (2 uM
Clonazepam, Sigma). Concentration of protein in the assay ranged between 0.1 - 0.2
mg/ml. To quantify filter binding, brain homogenate in the assay was replaced by 100
gl of buffer. After incubation binding was assessed by rapid filtration (< 5 s) over
GF/B glass fiber filters, followed by 3 washes (< 10 s) with 5 ml buffer using a cell

harvester (M-48, Brandel, Gaithersburg, MD, USA). Filters were transferred into vials
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containing 10 ml scintillation fluid (Ready Safe, Beckman Coulter, Krefeld, Germany),
left shaking over night and measured by scintillation spectrometry.

Specific binding was determined as the difference between total binding and
unspecific binding. Receptor affinity (Kp) and density (Bmax) Were calculated by
computerized non-linear regression analysis (PRISM 2.0, GraphPad Software, San
Diego, CA, USA). To monitor quality of filtration assay a ratio was calculated
determining binding specificity as percent of total binding: (unspecific binding - filter
binding) * 100 / (total binding — filter binding).

In situ hybridization (ISH)
Quantitative ISH was performed as recently described (Cremer et al., 2009b).

Coronal 20 um cryosections (see above) were fixed in 4% paraformaldehyd in
phosphate buffered saline (PBS), pH 7.4, for 30 minutes, washed three times in PBS
for 10 minutes, dehydrated in 70% and 90% ethanol and stored in 100% ethanol at
4°C.

Oligodeoxyribonucleotides (Sigma-Aldrich) complementary to rat a; or y, subunit
MRNAs of the GABAa receptor were used for hybridization. The a4 probe was
complementary to mRNA bases 67-116 (GenBank no. AY574250.1), the y, probe
was complementary to mRNA bases 769-808 (GenBank no. NM_183327.1).
Oligonucleotides were 3’-labelled using **P-dATP (111 TBg/mmol, Perkin Elmer,
Waltham, MA, USA) and Terminal Deoxynucleotidyl Transferase (TdT) reaction kit
(Promega, Mannheim, Germany). Probes were purified using sephadex columns
(ProbeQuant G-50, GE Healthcare, Munich, Germany), diluted 30 pM in buffer (50%
deionized formamide, 4x standard saline citrate (SSC) pH 7.0, 1 mM sodium
pyrophosphate, 0.25 mg/ml hydrolysed salmon sperm DNA, 0.1 mg/ml polyadenylic
acid and 100 mg/ml dextran sulfate) and hybridization was performed over night at
42°C in humidified hybridization chambers. Unspecific binding was monitored by
hybridization in presence of 100-fold excess of unlabelled oligonucleotide.

Sections were washed for 10 minutes in SSC at room temperature, 30 minutes in
SSC at 60°C, followed by SSC, 0.1 x SSC, and distilled water (5 minutes each) at
room temperature and dehydrated in ethanol. Finally, sections were exposed to -
sensitive imaging plates (BAS-SR 2025; Raytest-Fuiji) for 48h together with '*C-

microscales (Amersham).
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Image analysis

Following exposition imaging plates from *H-autoradiography or ISH were scanned
using a BAS-5000 reader (Raytest-Fuji) and the resulting linearized grey-scale image
was used for densitometric measurement using standard image analysis software
(AIDA 2.31; Raytest). Regions of interest (ROI, supplementary figure 1) were traced
according to the cytoarchitectonic atlas of Zilles (1985), i.e. amygdala, CA1, dentate
gyrus, substantia nigra and putamen, as well as entorhinal, somatosensory, piriform
and retrosplenial granular cortices. In each animal and ROI, grey values were
measured in 3-5 randomised sections. The standards were used to compute a
transformation curve indicating the relationship between grey values in the
autoradiographs and concentration of radioactivity in the tissue. Binding site densities
were calculated as described in detail (Zilles and Schleicher, 1991, 1995; Zilles et al.,
2002).

Western blot analysis

Protein was extracted from brain tissue by ultrasonification at 4°C using lysis buffer
containing 20 mmol/l Tris/HCI (pH 7.4), 1% Triton X-100, 140 mmol/l NaCl, 1 mmol/l
EDTA, 1 mmol/l EGTA, 10 mmol/l NaF, 10 mmol/l Na-pyrophosphate, 1 mmol/l
sodium vanadate, 20 mmol/l R-glycerophosphate and protease inhibitor mixture
(Roche, Mannheim, Germany). The homogenized lysates were centrifuged at 20,000
g at 4°C. Protein concentration was estimated using Bradford reagent according to
the manufacturer's protocol (BioRad, Munich, Germany). For SDS—gel
electrophoresis and Western blot analysis protein extracts were added to an identical
volume of 2 x gel loading buffer (pH 6.8), containing 200 mmol/L dithiothreitol. After
heating to 95°C for 3 min, the samples were subjected to gel electrophoresis. Gels
were then equilibrated with transfer buffer (39 mmol/L glycine, 48 mmol/L Tris—HCI,
0.03% SDS, and 20% methanol). Proteins were transferred to nitrocellulose
membranes using a semi-dry transfer apparatus (Biometra, Gottingen, Germany).
Membranes were blocked in 3% bovine serum albumine solubilized in 20 mmol/L
Tris—HCI (pH 7.5) containing 150 mmol/L NaCl and 0.1% Tween20, and then
incubated for 2h with the respective primary antibody (1:1,000; GABAA-R-a1 #65269;
GABAp-R-y2 #49961; GABAa-R-y2-phospho #73183 Abcam and GLAST #2064
Tocris Bioscience, Bristol, UK; GLT-1 #PC154 Calbiochem, San Diego, CA, USA) at

room temperature. Following washing and incubation with horseradish peroxidase-
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coupled anti-mouse-IgG or anti-rabbit antibody diluted 1:10,000 at room temperature
for 2h, blots were washed again and developed using enhanced chemiluminescent
detection (Amersham, Braunschweig, Germany). Densitometric analysis was
performed with the Kodak Image Station 4400, using the Kodak 1D Molecular

Imaging software.

Data analysis

Results from n independent experiments are expressed as mean + SEM unless
otherwise indicated. Data were statistically analysed for significant differences by two
tailed Student’s t-test or one way analysis of variance (ANOVA) with repeated

measurements, where p < 0.05 was considered statistically significant.
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Results

MSO application induces long term inhibition of glutamine synthetase activity

Intraperitoneal injection of MSO (100 mg/kg) induced a long lasting inhibition of GS-
activity in cortical homogenates (Fig. 1). MSO reduced GS-activity to 30 £ 5 % (p <
0.0005) of control values measured 24h after treatment. After 72h MSO still inhibited
GS, but activity recovered to 60 + 9 % (p < 0.01) of controls. Since MSO irreversibly
inhibits GS in vivo (Lamar and Sellinger, 1965), the recovery of activity is most likely
dependent on the recruitment of newly generated enzyme, indicating a mechanism

counteracting irreversible GS-inhibition.

Inhibition of GS does not affect glial glutamate transporter quantities

GS-inhibition in slices or prolonged removal of glutamine from neuronal cultures both
fail to decrease vesicular glutamate release (Kam and Nicoll, 2007). Persistent
release of glutamate but concomitant lack of its recycling via GS might result in
enhanced glial glutamate transporter expression, e.g. to prevent accumulation of
glutamate in the synaptic cleft. Thus, we measured the relative abundance of GLAST
(or EAAT-1) and GIt-1 (or EAAT-2) transporters in cortical preparations. We did not
find significant alterations of GLAST (Fig. 2) or Glt-1 (Fig. 3) protein quantities 24h or
72h after MSO treatment, indicating that a stable glutamate release without glial

recycling does not result in enhanced expression of glial glutamate transporters.

Density, but not affinity of benzodiazepine binding sites is affected by GS-inhibition

We quantified regional binding site densities of glutamate, GABA, adenosine and
dopamine receptor subtypes using 3H-autoradiography. MSO application did not
affect binding sites of glutamate (AMPA, kainate, NMDA), adenosine (A1) or
dopamine (D1) receptors (Fig. 4) in the investigated regions. In addition, GABAA as
well as GABAg receptor densities were unchanged after MSO treatment. However,
BZ binding was significantly reduced in the piriform and entorhinal cortices as well as
in the amygdala 24h and 72h after MSO treatment. Additionally, BZ binding was
significantly reduced in the dentate gyrus 24h after MSO treatment. To elucidate
whether BZ binding site affinity had changed due to MSO treatment, saturation
analysis of whole brain preparations (without cerebellum) were performed (Fig. 5).

The maximum binding capacity (Bmax) of membrane preparations was significantly
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decreased 72h (-23%; p < 0.01), but not 24h following application of MSO (Table 1).
However, the affinity (Kp) of binding sites remained unchanged at both time points.
Thus, the regional decrease of binding site densities is not associated with altered
binding site affinity. These data suggest that inhibition of the glutamate/glutamine
cycle changes GABAergic receptor modulation by reducing BZ binding. However,
densities of GABAa receptors were unchanged, suggesting alterations of the specific

receptor subunit composition.

GABAA a4 and y»> subunit quantities are differentially altered at distinct time points
after GS-inhibition
The vast majority of benzodiazepine-sensitive GABAa receptors contain both a4 and

y2 subunits (Rudolph and Mohler, 2004). Additionally, phosphorylation of serine
residues by protein kinase C modulates y, subunit function (Krishek et al., 1994). To
investigate the effects of GS-inhibition on GABAergic receptor composition, western
blot analysis were performed for GABAa subunits a4 (Fig. 6), y2 and phosphorylated
v2 (Fig. 7).

Inhibition of GS-activity significantly decreased a4 subunit quantities 24h after
treatment (-45%, p < 0.002). The same tendency could be observed 72h after MSO
application (-28%), although it did not reach significance, indicating a gradual
recovery of ai subunit expression. The protein quantities of the y, subunit were
significantly decreased after 24h (-34%, p < 0.03), but increased (+58%, p < 0.03)
after 72h of GS-inhibition. However, phosphorylated vy, (p-y2) subunit was decreased
24h after MSO treatment (-14%, p < 0.05) but did not show significant changes after
72h. Thus, inhibition of glutamate/glutamine cycle differentially affects GABA a

subunit expression.

Inhibition of GS does not affect GABAA a4 and y, subunit mRNA expression

To further investigate whether alterations of GABAergic receptor subunits are based
on changes of the respective mRNA transcription levels, we measured the a4 and y»
subunit mMRNAs by quantitative in situ hybridization. For both subunits, we did not find
significant changes of mMRNA expression following MSO treatment (supplementary
figure 2), suggesting that the reduction of subunit protein levels described above is

not mediated via transcriptional regulation.
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Figure 1. MSO induces long term inhibition of GS-activity in vivo. Relative GS-activity was measured
by y-glutamyl transferase reaction in cerebral homogenates of rats 24h and 72h after treatment with
either a single dose of MSO (100 mg/kg) or vehicle. After 24h MSO reduced GS-activity in treated rats

(n =6) to 30 £ 5 % of controls (n = 6). When measured 72h after treatment (n = 6) GS-activity was
reduced to 60 + 9 % of controls (n = 6).
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Figure 2. Inhibition of the glutamate/glutamine cycle does not change relative GLAST expression A,
Western Blot of GLAST expression 24h and 72h after treatment with either a single dose of MSO (100
mg/kg) or vehicle. B, Bar chart of relative GLAST expression as indicated in A (n = 3 animals per

group). GAPDH, glyceraldehyde 3-phosphate dehydrogenase; n.s., not significant.
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Figure 3. Inhibition of the glutamate/glutamine cycle does not change relative Glt-1 expression A,
Western Blot of Glt-1 expression 24h and 72h after treatment with either a single dose of MSO (100

mg/kg) or vehicle. B, Bar chart of relative Glt-1 expression as indicated in A (n = 3 animals per group).

GAPDH, glyceraldehyde 3-phosphate dehydrogenase; n.s., not significant.
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Figure 4. Inhibition of glutamate/glutamine cycle decreases BZ binding site densities in different
regions of the rat brain. Receptor densities were measured by quantitative 3H-autoradiography in rats
treated with either a single dose of MSO or vehicle (n = 6 animals per group). A significant decrease of
BZ binding site densities was measured in the amygdala and in the piriformal and entorhinal cortices
24h and 72h after treatment. In the dentate gyrus BZ binding was significantly reduced 24h after MSO
treatment. Receptor density is given as fmol/mg protein (mean + SEM). Statistically significant
changes are marked by asterisks (*p < 0.05; **p < 0.01; ***p < 0.001). RSG, retrosplenial granular
cortex; DG, dentate gyrus; Par1, somatosensory cortex; Amg, amygdala; Pir, piriformal cortex; Ent,

entorhinal cortex; CP, caudate putamen; SN, Substantia nigra.
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Figure 5. MSO decreases BZ binding site densities, but does not change their affinity 72h after
treatment. Representative results of saturation analysis are shown. Left, saturation analysis using non-
linear regression. Right, Scatchard plots of the respective data. Control, B,,.x = 2202 fmol/mg protein,
Kp=2.13 nM, r = 0.997. MSO, B,,,.x = 1677 fmol/mg protein, Kp = 2.16 nM, r = 0.998. For all saturation

analysis unspecific binding was less than 5% (not shown). B, binding; F, ligand concentration.
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Table 1. Mean values of B« and Kp for BZ binding sites in rat brains after treatment with either a
single dose of MSO (n = 12) or vehicle (n = 5). Application of MSO significantly reduced B,.x 72h after
treatment (p < 0.01, n = 7), confirming the results measured by receptor autoradiography. Affinity of

binding sites remained unchanged by MSO-treatment. B,.x [fmol/mg protein], Kp [nM].

control 24h 72h
Brax | 2214 + 183 2169 + 216 *1676 + 78
Kp 218 £+ 019 211 £ 0.25 2.06 £ 0.09
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Figure 6. Inhibition of glutamate/glutamine cycle decreases relative GABA, a4 subunit quantities.
Western blot analysis of brain homogenates 24h and 72h after MSO treatment. After 24h a, subunit

density is significantly reduced when compared to controls, while the same effect was not found to be

significant after 72h (n = 3 per group). GAPDH, glyceraldehyde 3-phosphate dehydrogenase; n.s., not

significant.
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Figure 7. Inhibition of glutamate/glutamine cycle differentially affects the relative GABAa subunit
quantities of y, and its phosphorylated form after 24h and 72h. Western blot analysis of brain
homogenates 24h and 72h after MSO treatment. After 24h y, subunit density is significantly reduced
when compared to controls, but increased after 72h. However, serine-phosphorylated y, subunits were
decreased after 24h, but did not show significant changes after 72h (n = 3 per group). GAPDH,
glyceraldehyde 3-phosphate dehydrogenase; n.s., not significant.
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Discussion

This is the first study to address the effects of MSO-induced in vivo inhibition of
astrocytic glutamine synthetase on the densities, affinity and subunit composition of
neurotransmitter receptors and the expression of glial glutamate transporters in the
rat brain. Inhibition of GS by MSO resulted in decreased BZ binding in distinct brain
regions and brain homogenates, but unaltered binding site affinities. During the
course of GS-inhibition we found differential changes in the expression of GABAa

receptor subunits a4, y2, and p-ya.

The glutamate/glutamine cycle requlates GABAergic neurotransmission

In vivo inhibition of the GGC results in decreased GABA content in rat brain
homogenates (Stransky, 1969). These results were confirmed by Fonnum and
Paulsen (1990) for the neostriatum and they further showed that a substantial
proportion of the glutamine pool is linked to GABA metabolism, while Hevor et al.
(1996) reported only a slight reduction of GABA levels for the hippocampus.
Recently, Liang et al. (2006) demonstrated that the GGC is a major contributor to
synaptic GABA release under physiological conditions. Together, these data show
that the GGC is an important regulator of GABA homeostasis. However, it remains a
matter of debate how GS-inhibition by MSO differentially affects GABA contents in
various brain regions.

Binding of endogenous or exogenous BZs to the GABAa receptor enhances its
function. A decrease of synaptic GABA levels could attenuate inhibitory
neurotransmission. Thus, one expects an increase in BZ binding to compensate for
reduced GABAergic activity or convulsive effects of MSO, as indicated in the
pentylenetetrazole model (Cremer et al. 2009a). In contrast, our data demonstrate a
decrease of BZ binding and further implies an altered GABAergic modulation due to
GS-inhibition. Thus, alterations of GABAa subunit composition which result in a
decrease of BZ binding could occur in an attempt to attenuate the effects of lowered
GABA levels and reduced BZ binding. The GABAergic system plays an important
role in coping with MSO-induced convulsions as implicated by treating mice with
diazepam prior to MSO-administration, which increases seizure latency in a dose
dependent manner (Gill and Schatz, 1985). Furthermore, intranigral application of the

GABA elevating drug y-vinyl GABA suppressed MSO-induced seizures (Toussi et al.,
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1987). Concerning our present results, both studies underline the functional
connection between GGC and GABAergic modulation.

In our model, the first behavioural changes of treated rats appeared approximately
eight hours after MSO-application. Our first measurement, however, was performed
after 24h, and resulted in a regional reduction of BZ binding. Additionally, a global
decrease of BZ binding in brain homogenates was measured 72h after treatment, a
time point when animals did not show apparent behavioural alterations from controls.
Thus, it seems unlikely that a decrease of BZ binding site densities exclusively
accounts for the in vivo effects of MSO. However, it may be assumed that a disturbed
GABAergic modulation by endogenous BZs essentially contributes to GGC-
associated pathologies.

To conclusively elucidate whether changes of neurotransmitter receptor expression
observed in the present study are due to an inhibition of GS itself or secondary to
seizure onset additional experiments will be considered. Combined application of
MSO together with anticonvulsants to block seizures should offer evidence to
investigate this topic. Other ways of GS inhibition (e.g. knock-down of GS
expression) would furthermore exclude the possibility of MSO-mediated effects other
than GS inhibition.

Regional patterns of GABAa receptor alterations following GS-inhibition

In MSO treated rats changes of BZ binding site densities and GABAergic subunit
composition comprise a regional and temporal dependency. Thus, inhibition of the
GGC does not result in a distinct alteration of GABAergic receptors, but is moreover
regulated by spatial and temporal factors, the most likely of which is seizure
susceptibility (within the epileptic circuitry). Results from autoradiography
experiments exhibited decreased densities of BZ binding sites 24h and 72h after
MSO treatment. This decrease only proved to be significant in the dentate gyrus 24h
after treatment, and after 24h as well as 72h in the amygdala, the piriform and
entorhinal cortices. Interestingly, the piriform and entorhinal cortices are key regions
within the epileptic circuitry (White, 2002). Since MSO affects all astrocytes, this
regional specificity indicates that MSO-induced seizures differentially affect the
neuron-glia interaction in seizure prone cerebral regions. Interestingly, this pattern
basically corresponds to an enhanced expression of HSP 27 (a label for affected

astrocytes) in MSO treated rats and, further, to enhanced GS-nitration following
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pentylenetetrazole (GABA-antagonist)-induced seizures (Bidmon et al., 2008).
Therefore, we propose that the priform/entorhinal cortices, dentate gyrus and
hippocampal CA1 region are key regions in which impaired astrocytic glutamate
metabolism causes region-specific changes of neurotransmitter receptors in seizure
prone neurons and/or glial cells in both animal models. Despite GS-nitration and its
reduced activity, BZ binding sites were found to be increased rather than decreased
in the respective regions in the PTZ-model (Cremer et al., 2009a). However, this
might by due to the fact that MSO and PTZ differentially act on GABAergic
neurotransmission. Furthermore, PTZ-treated animals exhibited recurrent seizures
and changes of several receptor systems, which most likely influence GABAergic
receptors differently (Bidmon et al., 2005; Cremer et al., 2009a).

However, the general assumption of a regional denpendency of MSO effects is
supported by a number of studies. Intraventricular but not intrastriatal infusion of
MSO leads to behavioural convulsions (Rothstein and Tabakoff, 1982). The
protective effect of y-vinyl GABA against MSO-induced seizures depends on the site
of injection (Toussi et al., 1987) and differential changes of amino acid contents have
been described for the neostriatum and globus pallidus (Fonnum and Paulsen, 1990)
after MSO treatment, while the levels of choline and acetylcholine were differentially
and dose dependently altered in the striatum, thalamus, hypothalamus and corpus

callosum (Richard and Hevor, 1995).

Temporal dependency of GABAA subunit composition following GS-inhibition

During the course of GS-inhibition we found decreased levels of a4 subunits after 24h
but not after 72h. Furthermore, we measured a decrease of y, and p-y2 subunits after
24h, but an increase of y, without changes of p-y; after 72h. Conversely, quantities of
functional BZ binding sites in brain homogenates were unchanged after 24h but
significantly decreased after 72h. Thus, it seems most likely that subunit expression
alterations precede functional binding site alterations at the receptor. As a
hypothesis, BZ binding could be increased later than 72h after MSO treatment due to
the enhanced expression of y, subunits. A follow up study is planned to
comprehensively elucidate the temporal patterns of GABAa subunits and their
respective  mRNAs following GS-inhibition. Furthermore, we will address the

question, whether changes of subunit expression or BZ binding sites can be

87



Publications

quantified before behavioural alterations occur or seizures emerge in MSO-treated
animals.

GABAA receptor subunit expression and ligand binding are differentially altered in
rodent models of temporal lobe epilepsy (e.g. Volk et al., 2006; Bethmann et al.,
2008), and these changes are closely connected to antiepileptic drug resistance
(reviewed by Loscher 2009; Schmidt and Léscher 2009). It is tempting to speculate
that GABAA subunit changes induced by GGC disruption might be key events for
both epileptogenesis (Eid et al., 2004; 2008) as well as antiepileptic drug resistance.
However, further effort is neccesary to verify GS as a potential target for clinical

intervention in temporal lobe epilepsy.

Glutamate transport and neurotransmitter receptors

The astrocytic glutamate/glutamine cycle is generally believed to restore the neuronal
pool of vesicular glutamate (Kandel et al., 2000). However, Kam and Nicoll (2007)
demonstrated that the synaptic release of glutamate remains stable after GS-
inhibition in slices or after prolonged removal of glutamine from pure neuronal
cultures. A persistent release of glutamate but concomitant lack of its recycling could
lead to enhanced concentrations of glutamate in the synaptic cleft, ultimately
inducing cell death (e.g. via excitotoxicity). However, we did not find evidence of
enhanced cell death in silver-stained histological sections in our model. This
observation is supported by experiments on the effect of MSO (350 mg/kg) on blood
brain barrier permeability, where ultrastructural investigation demonstrated that MSO,
even in high concentrations, does not affect glial integrity (Nitsch et al., 1986) and
pathological changes in gial cells are induced only after repeated application of MSO.
Additionally, pronounced cellular degeneration in our model would lead to a decrease
of receptor densities for several neurotransmitter systems. Beside alterations of the
GABAA/BZ system we did not find such changes of receptor densities (cf. fig. 4). Due
to a lack of enhanced cell death, we assumed that an increase of synaptic glutamate
levels could be prevented by enhanced glutamate reuptake. The astrocytic
membrane is responsible for at least 80% of glutamate clearance and the majority of
synaptic inactivation in the brain (Bergles and Jahr, 1997; Danbolt, 2001). Astrocytic
glutamate uptake is significantly enhanced for up to 7 days after intraventricular
injection of MSO (Rothstein and Tabakoff, 1984). Therefore, we hypothesized that an

enhanced glial glutamate transport might lead to an increased transporter
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expression. GLAST and Glt-1 are the predominant glutamate transporters in the
brain and both are mainly expressed by astrocytes (Gadea and Lopez-Colomé,
2001). However, we did not find changes of either GLAST or Glt-1 expression. Thus,
available glutamate transporters sufficiently remove synaptic glutamate, or an
enhanced transport is not mediated by increased transporter expression, but rather

by changes in removal rate or affinity (Rothstein and Tabakoff, 1984).

Intraventricular as well as intrastriatal injection of MSO results in a transient increase
in striatal dopamine release followed by an inhibition of its release for up to three
days (Rothstein and Tabakoff, 1982). Apomorphine, a D1/D, receptor agonist,
produces a concentration related rise in glutamate concentration in cerebral
perfusates, which is abolished by intrastriatal MSO injection. Together, these data
imply a close correlation between the GGC and dopaminergic regulation of glutamate
release.

In our model, GS-inhibition did not change the densities of the glutamatergic AMPA-,
kainate- and NMDA-receptors nor of dopaminergic D4 receptors. Additionally,
adenosine A4 receptors (important negative regulators of vesicular glutamate release,
e.g. Fredholm et al., 2005) were unaffected by GS-inhibiton. Thus, we suggest that
neither changes of D4, nor the glutamatergic subtypes AMPA, kainate or NMDA
significantly contribute to an altered neurotransmission following GS-inhibition.
Furthermore, it is implicated that regulation of vesicular glutamate release by

adenosine receptors is independent of the GGC.

The astrocytic enzyme glutamine syntethase is a key regulator of glutamate and
GABA metabolism. Here, we have shown that inhibition of GS by MSO leads to
changes of GABAergic but not glutamatergic neurotransmitter receptors or
modulators. In conclusion, our results suggest a regulatory circuit between the GGC
and GABAergic synaptic transmission, which is mediated by changes of GABAa

subunit composition and altered modulation by BZs.
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Supplementary figure 1. Schematic definition of ROIs at (A) Bregma -3.3 mm and (B) Bregma -5.3
mm according to the cytoarchitectonic atlas of Zilles (1985). AMG, amygdala; DG, dentate gyrus; Ent,
entorhinal cortex; Par1, somatosensory cortex; Pir, piriform cortex, PRh, perirhinal cortex, Put,

putamen; RSG, retrosplenial granular cortex; SN, substantia nigra.
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Supplementary figure 2. MSO treatment does not affect the mRNA levels of a4 or y, GABA, subunits.
Results from quantitative in situ hybridization in ROls of rats treated with either a single dose of MSO

or vehicle (n = 4-6). mRNA density is given as Bg/mg tissue + SEM.
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Laminar distribution of neurotransmitter receptors in the reeler mouse cerebral

cortex

Christian M. Cremer, Joachim H.R. Lubke, Nicola Palomero-Gallagher, and Karl
Zilles

In reeler mice a mutation of the extracellular matrix protein reelin leads to
developmental deficits of neuronal migration causing cerebellar hypoplasia, disturbed
laminar pattern of the hippocampus and an inversion of neocortical layers. In the
adult brain, reelin is suggested to regulate synaptic plasticity by modulating
neurotransmitter receptor function. Little is known, however, about the density and
distribution pattern of neurotransmitter receptors in reeler mice. Thus, we
comprehensively examined different neurotransmitter receptors in reeler and wild

type brains.

Our data demonstrate differential changes in the laminar distribution, maximum
binding capacity (Bmax) and regional density of several neurotransmitter receptors in
the reeler brain. Thus, these results support the hypothesis for a role of reelin in

neurotransmitter receptor regulation.
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Abstract

Mapping of multiple neurotransmitter receptors provides functionally relevant
information about the chemoarchitectonic organization of the brain, since
neurotransmitter receptors are key elements of synaptic transmission and plasticity.
In reeler mice a mutation of the extracellular matrix protein reelin leads to
developmental deficits of neuronal migration causing cerebellar hypoplasia, disturbed
laminar pattern of the hippocampus and an inversion of neocortical layers. In the
adult brain, reelin is suggested to regulate synaptic plasticity by modulating
neurotransmitter receptor function. Little is known, however, about the density and

distribution pattern of neurotransmitter receptors in reeler mice.

Using quantitative in vitro receptor autoradiography we examined different
neurotransmitter receptors in reeler and wild type brains. In particular, the binding
site densities and laminar distribution of various glutamate, GABA, muscarinic and

nicotinic acetylcholine, serotonin, dopamine and adenosine receptors were analyzed.

Our data demonstrate differential changes in the laminar distribution,
maximum binding capacity (Bmax) and regional density of several neurotransmitter
receptors in the reeler brain. In the neocortex some receptor subtypes demonstrated
an obvious laminar inversion (i.e. AMPA, kainate, NMDA, GABAg, 5-HT4, M4, Mg,
nAch), while other subtypes (A4, GABAa, BZ, 5-HT,, My, a4, az) were less strikingly
affected. A significant decrease of whole brain Bnax was found for adenosine A and
GABAA\ receptors. In the forebrain several binding site densities were differentially
altered (i.e. kainate, A4, benzodiazepine, 5-HT4 muscarinic My, adrenergic o4 and ay).
Taken together, our results support the hypothesis for a role of reelin in
neurotransmitter receptor regulation. Implications for synaptic plasticity and

neurodegenerative disease are discussed.
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Introduction

Neurotransmitter receptors are major determinants of synaptic transmission and
plasticity in the brain. They are inhomogeneously distributed throughout the cortex,
with both regional and laminar characteristics in their location. Local changes in the
density and distribution of receptors coincide with cytoarchitectonically defined areas

(for review see Zilles and Amunts, 2009).

The cytoarchitecture of the so called reeler mouse is severely disturbed. During
development in these mice, a lack of the secreted glycoprotein reelin causes severe
cerebellar hypoplasia (Hamburgh, 1960, 1963), mislamination of the hippocampus
(Stanfield and Cowan, 1979; Zhao et al., 2004) and an inversion of cortical layers
(Caviness, 1982; reviewed by Lambert de Rouvroit and Goffinet, 1998; D’Arcangelo,
2005). Although the reeler mouse mutant is a well established model to study
mechanisms of cortico- and synaptogenesis, little is known about the density and

distribution pattern of neurotransmitter receptors in these mice.

In contrast to the defined role of reelin during development relatively little is
known about its function in the adult brain. Reelin-signaling influences granule cell
dispersion in the dentate gyrus during experimental epilepsy, implying a role in the
maintenance of cortical lamination (Heinrich et al., 2006; Muller et al., 2009).
Furthermore, an increasing body of evidence suggests a function of reelin in synaptic
transmission and plasticity. Superfusion of reelin in hippocampal slices enhances
long-term potentiation mediated by the reelin receptors VLDLR and ApoER2
(Weeber et al., 2002). It has also been shown that reelin regulates NMDA receptor-
mediated neuronal activity by tyrosine-phosphorylation (Chen et al., 2005). Other
experiments revealed an enhancement of NMDA- and AMPA receptor-mediated
activity following treatment with recombinant reelin (Qiu et al., 2006). Furthermore, it
has been shown that synaptic plasticity is severely altered after electrical stimulation
of the cortico-striatal pathway in reeler mice, probably depending on a reduced
GABAergic tone (Marrone et al., 2006). Recently, Niu et al. (2008) demonstrated that
dendritic spine development is promoted by the reelin pathway in the postnatal

hippocampus.

These studies support the hypothesis that reelin deficiency may be associated
with alterations of neurotransmitter receptor densities in the reeler mutant mouse.
Since we have previously shown that changes of a single receptor type are

frequently accompanied by receptor alterations of other neurotransmitter systems
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(e.g. Zilles et al., 1999; Palomero-Gallagher et al., 2009; Cremer et al., 2009; 2010),
we conducted a multi-receptor study to investigate the influence of the reelin
mutation on various neurotransmitter receptors in the adult brain by means of in vitro
receptor autoradiography. Furthermore, saturation analysis were performed for each
receptor type to determine receptor binding affinity (dissociation constant, Kp) and
maximum binding capacity (Bmax)-

Our data demonstrate significant and differential changes in the laminar
distribution pattern, Bnax and regional density of several neurotransmitter receptors in
all investigated regions of the reeler brain. The affinity of the different receptor types
is not changed in the reeler mutant, suggesting that receptor subunit composition

remains unaltered.

104



Reeler mice

Material and Methods

Animals. Reeler” mutant mice (breeding pairs were kindly provided by Prof. Andre’
Goffinet, University of Louvain, Brussels, Belgium) and normal CD-1 mice that served
as controls (Charles River, Germany) were kept and bred under standard conditions
(light/dark cycle 12:12 h, temperature of 20 £ 2 °C, air humidity 55-60 %). For the
present study 12-16 week old male mice were used. All experimental procedures
were conducted according to the German Animal Welfare Act and guidelines of the

Research Centre Jilich after approval by the governmental agency.

Autoradiography. Animals were sacrificed by decapitation between 8:00 and 9:00
a.m. The brains were removed from the skull, immediately frozen in isopentane (-
50°C) and stored at -80°C until use. All brains were serially sectioned (10 ym
thickness) in the coronal plane with a Cryostat (Leica Systems, Wetzlar, Germany).
Sections were thaw-mounted on silanised glass slides. The glutamate receptors
AMPA, NMDA and kainate, the GABAergic receptors GABAA, GABAgs and GABAa
associated benzodiazepine (BZ) binding sites, the muscarinic acetylcholine receptors
M4, M2 and M3, the nicotinic acetylcholine receptor (nAch), the serotonergic receptors
5-HT1 and 5-HT,, the dopaminergic receptor D4, the adrenergic a; and a, receptors,
and the adenosine A1 receptor were labeled with the respective tritiated ligands. The
detailed procedure has been described elsewhere (Zilles et al., 2002, 2004). Binding

conditions, ligands and displacer are summarized in Table 1.

Briefly, sections were washed in buffer, transferred to solution containing the
specific [3H]-Iigand and finally rinsed to remove unbound ligand. To monitor and
quantify non-specific binding, several sections were incubated with the radiolabeled
[’H]-ligand in the presence of a specific, non-radioactive competitor. All brains were
processed simultaneously in the same buffers and radioactive solutions. Sections
were subsequently air-dried and exposed to [-sensitive films (BioMax MR Film,
Kodak Europe) for 10 to 15 weeks in the presence of [°H]-microscale standards
(Amersham Biosciences Europe) with known concentrations of radioactivity. All
ligands were purchased from Perkin Elmer (Germany) except for [’H]-CGP 54626
(BioTrend, Germany) and [°H]-CPFPX (Institute for Neuroscience and Medicine —
Nuclear Chemistry (INM-4), Research Centre Julich). Competitors CGP 55845 and
SYM 2081 were purchased from Tocris Bioscience (Great Britain), quisqualate, MK
801, GABA, Carbachol and Phentolaminmesylate from Biotrend (Germany). All other

competitors were obtained from Sigma Aldrich (Germany).
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Image analysis. Densitometric measurements of autoradiographic films were
performed as described previously (Zilles et al., 2002). In summary, autoradiographic
films were developed (Hyperprocessor, Amersham Biosciences Europe), digitized (8-
bit coding, 1300 x 1030 pixels) using a CCD-camera (Progres C14, Jenoptik,
Germany) equipped with a 55 mm objective (Zeiss, Germany) connected to a
KS400®-Software system (Zeiss, Germany). Microscales were used to compute a
transformation curve representing the relationship between grey values in the
autoradiographs and concentrations of radioactivity in the tissue. Regions of interest
(ROIs) were traced according to the adult mouse brain atlas by Paxinos and Franklin
(2001). Receptor densities were calculated for the somatosensory cortex (Par 1),
motor cortex (Mot), putamen (Put) and the subregions CA1, CA3, and dentate gyrus
(DG) of the hippocampus in 3-5 randomized sections of 5-8 brains per group (Fig. 1).
ROIs were selected to compare principally different cortical organizations, i.e. a
granular versus an agranular isocortex (Par1 vs. Mot), isocortex versus allocortex
(Par1 and Mot vs. hippocampal subregions CA1, CA3, and DG), and cortical versus
non-layered subcortical structures (Par1, Mot, CA1, CA3 and DG vs. Put).

Receptor density profiles. Receptor density profiles from the pial surface to white
matter border were extracted in the somatosensory cortex. Briefly, the inner and
outer cortical surfaces were manually traced on linearised autoradiographs (using
MatLab®, The MathWorks, MA, USA), and traverses vertically oriented to the cortical
layers were calculated. Receptor density profiles were extracted along the course of
eleven neighboring equidistant traverses, and a normalized mean profile was
calculated from 3-5 sections for each receptor and mouse. Together with the color
coded autoradiographs of whole sections, profiles were used to identify a potentially

inverted receptor distribution in reeler mutant mice (Figures 3-10).

Brain homogenates. To exclude concomitant changes of the receptor binding site
properties by the mutation, saturation analyses were performed for each receptor
subtype on purified membranes of whole brain homogenates to determine receptor
binding affinity (dissociation constant, Kp) and maximum binding capacity (Bmax)-

Therefore, animals were sacrificed by decapitation and the brains were immediately
removed from the skull, transferred into 10 ml of ice cold tris-citrate buffer (50 mM,
pH 7.4) and homogenized for 1 minute at 15.000 rpm (Miccra D-13, Art-Labortechnik,

Germany). The resulting homogenates were washed four times by addition of 10 ml
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tris-citrate buffer and subsequent centrifugation (4°C, 14.800 g, 60 min). All

homogenates were stored in aliquots at -80°C.

Saturation analysis. Experiments were carried out as recently described (Palomero-
Gallagher et al., 2009; Cremer et al.,, 2010) with some modifications. Binding
conditions are summarized in Table 1.

Slice assay. Since extremely short washing steps (in the range of seconds) cannot
be performed reliably enough, the Kp values of AMPA, kainate, NMDA, GABA,, 5-
HT4, M4 and D1 binding sites were determined on cryosectioned pellets. Therefore,
homogenates as described above (n = 6 per group) were thawed, centrifuged (4°C,
14.800 g, 60 min) and the resulting pellet was cut with a cryostat into 10 ym thick
sections and mounted on silanised glass slides. Homogenate sections were
incubated following the same protocols as those used for autoradiographic
experiments on the intact brain sections but with 9-12 increasing concentrations of
the respective ligands (Table 1). Sections were exposed to phosphor imaging plates
(BAS-TR 2025; Raytest-Fuji) for 48-72 hours together with radioactive calibration
standards (Microscales, Amersham Biosciences Europe), and processed for
densitometry (BAS-5000 reader, Raytest-Fuji). Densitometric measurement was
performed using standard imaging software (AIDA 2.31; Raytest).

Filtration assay. For use in filtration assays homogenates (n = 6 per group) were
thawed, centrifuged (4°C, 14.800 g, 60 min) and the resulting pellet diluted in
incubation buffer (Table 1). Protein concentration of homogenates was
photometrically determined prior to the experiments (0.3-0.6 mg/ml). Final assay
volume was 300 pl. In glass reaction tubes 50 ul aliquots of radiolabeled ligands (9-
12 increasing concentrations) were added to 100 ul of brain homogenate and 150 pl
of incubation buffer (Table 1). Triplicated measurements were performed for each
ligand concentration by scintillation spectrometry using a Beta-Counter (Tri-Carb
2100TR, Packard BioScience). Non-specific binding was monitored by excess
addition of specific competitors. Final concentration of protein ranged between 0.1-
0.2 mg/ml. In order to quantify filter binding, brain homogenates in the assay were
replaced by 100 ul of incubation buffer. Binding was assessed by rapid filtration (< 5
s) over GF/B glass fiber filters pre-soaked for 1 min in 0.03 % polyethylenimine,
followed by 3 washes (< 10 s) with 5 ml buffer using a cell harvester (M-48, Brandel,
MD, USA). GF/B filters were transferred into scintillation vials containing 10 ml

scintillation fluid (Ready Safe™, Beckman Coulter, Germany), left on a rocking plate
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at room temperature overnight and counted by scintillation spectrometry. For each
experiment all homogenates were processed simultaneously using the same buffers,

ligands and concentrations of radioactivity.

Assay analysis. Specific binding was determined as the difference between total
binding and non-specific binding. Kp and Bnax were determined from the experiments
by computerized non-linear regression analysis (PRISM 2.0, GraphPad Software,
San Diego, CA, USA). To monitor quality of filtration assay a ratio was calculated
determining binding specificity as percent of total binding: (non-specific binding - filter
binding) *100 / total binding — filter binding.

Statistical analysis. Differences of receptor densities extracted from ROIs were
analyzed for statistical significance by one way analysis of variance with repeated
measurements (rANOVA,; p < 0.05). Receptors demonstrating significant differences
were further analyzed by two tailed Student’s t-test, to discriminate between ROls.
Data from saturation analysis were analyzed using a one way analysis of variance
(ANOVA; p <0.01).
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Fig. 1: Regions of interest (ROIs) investigated by receptor autoradiography

Left panel: schematic drawing of a brain section according to the cytoarchitectonic atlas of Paxinos
and Franklin (2001) at Bregma -1.8mm. Right panel: Silver stained section at the same level. ROls are
highlighted. Abbreviations: Amg amygdala; CA1 CA1 subregion of the hippocampus; CA3 CA3
subregion of the hippocampus; DG dentate gyrus; E entopenduncular cortex; F fimbria fornix; FL/HL
forelimb/hindlimb region; Ins insular cortex; Mot motor cortex; Par1 primary somatosensory cortex;
Par2 secondary somatosensory cortex; Put Putamen; Rag retroplenial agranular cortex; Rg

retrosplenial granular cortex.
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1: Binding conditions of quantitative receptor autoradiography and saturation analyses. Autoradiographic experiments were performed according to
standard protocols using 10 ym cryosections of both wild type and reeler brains. Saturation analyses were performed using purified membrane preparations of

whole brain homogenates that were either used in filtration assay or pelletized and cryosectioned following the protocol for whole brain sections. For detailed

*kk

procedures see Material and Methods. *preincubation only **main incubation only ***pre- and main incubation only.

Publications

Receptor ['HI-Ligand Displacer Incubation buffer Preincubation | Main Incubation Rinsing [c]-range in saturation analysis
AMPA AMPA, 10 nM Quisqualate, 10 pM 50 mM Tris-acetate (pH: 7.2) 3x10 min at 4°C |45 min at 4°C 4x4 sec in buffer at 4°C 1.5-115 nM, slice assay
+ 100 mM KSCN* 2x2 sec in 2.5% glutaraldehyde in acetone
Kainate Kainate, 1 nM SYM 2081, 100 uM 50 mM Tris-citrate (pH: 7.1) 3x10 min at 4°C |45 min at 4°C 3x4 sec at 4°C 0.1-45 nM, slice assay
+ 10 mM Calcium acetate* 2x2 sec in 2.5% glutaraldehyde in acetone
NMDA MK 801, 3.3 nM MK 801, 100 uM 50 mM Tris-HCI (pH: 7.2) 15 minat4°C |60 min 2x5 min at 4°C 0.2-45 nM, slice assay
+ 50 pM Glutamate** 1 sec. in a. dest.
+ 30 uM Gylcine*
+ 50 uM Sperm
GABA, Muscimol, 7.7 nM GABA, 10 uM 50 mM Tris-citrate (pH: 7.0) 3x5 min at 4°C |40 min at 4°C 3x3 sec at4°C 0.5-55 nM, slice assay
1 sec. in a. dest.
BZ Flumazenil, 1 nM Clonazepam, 2 uM 170 mM Tris-HCI (pH: 7.4) 15 min at 4°C 60 min at 4°C 2x1 min at 4°C 0.5-16 nM, filtration assay
1secin a. dest. at4°C
GABAg CGP 54626, 2 nM CGP 55845, 100 uyM 50 mM Tris-HCI (pH: 7.2) 3x5 min at 4°C |60 min at 4°C 3x2 sec at4°C 0.1-11 nM, filtration assay
+ 2.5 mM Calcium chloride 1secin a. dest. at 4°C
A, CPFPX + Gpp(NH)p, 4.4 nM  |R-PIA, 100 pM 170 mM Tris-HCI (pH: 7.4) 15 min at 4°C 120 min 2x5 min at 4°C 0.03-7.0 nM, filtration assay
+ 2 Units/I Adenosine deaminase 1secina. dest. at 4°C
+ 100pM Gpp(NH)p*
5-HT, 8-OH-DPAT, 0.3 nM 5-HT, 1 M 170 mM Tris-HCI (pH: 7.7) 30 min 60 min 5 min at 4°C 0.1-5.0 nM, slice assay
+4 mM Calcium chloride* 3x1 sec in a. dest.
+0.01% Ascorbate*
5-HT, Ketanserin, 1.14 nM Mianserin HCL, 10 pM 170 mM Tris-HCI (pH: 7.7) 30 min 120 min 2x10 min at 4°C 0.2-11.0 nM, filtration assay
3x1 sec in a. dest.
M, Pirenzepine, 10 nM Pirenzepine, 2 yM modified Krebs-buffer (ph; 7.4) 15 min at 4°C 60 min at 4°C 2x1 min at 4°C 0.1-45 nM, slice assay
5.6 mM KClI 1 secin a. dest.
30.6 mM NaCl
1.2 mM Magnesium sulfate
1.4 mM Potassium-dihydrogen-phosphate
5.6 mM D-glucose
5.2 mM Na-hydrogencarbonate
2.5 mM Calcium chloride
M, Oxotremorine-M, 1.7 nM Carbamyolcholinechloride, 10 uM 20 mM Hepes-Tris (pH: 7.5) 20 min 60 min 2x2 min at 4°C 0.2-20 nM, filtration assay
+ 10 mM Magnesium chloride 1 secin a. dest.
+ 300 nM Pirenzepin***
M, 4-DAMP, 1 nM Atropine-sulfate, 10 uM 50 mM Tris-HCI (pH: 7.4) 15 min 45 min 2x5 min at 4°C 0.1-10.0 nM, filtration assay
+0.1 nM PMSF 1secina. dest. at4°C
+1mMEDTA
nAch Epibatidine, 0.11 nM Nicotine, 100 uM 15 mM HEPES (pH: 7.5) 20 min 90 min 5 min at 4°C 0.01-4.0 nM, filtration assay
+ 120 mM NaCl 1secina. dest. at4°C
+ 5.4 mMKCI
+ 0.8 mM Magnesium chloride
+ 1,8 mM Calcium chloride
D, SCH 23390, 1.67 nM SKF 83566, 1 uM 50 mM Tris-HCI (pH: 7.4) 20 min 90 min 2x20 min at 4°C 0.2-9.0 nM, slice assay
+120 mM NaCl 1secin a. dest.
+5mM KCI
+2 mM Calcium chloride
+ 1 mM Magnesium chloride
+ 1 uM Mianserin*
aq Prazosin, 0.09 nM Phentolaminmesylate, 10 pM modified Soerensen-buffer 15 min 60 min 2x5 min at 4°C 0.01-3.0 nM, filtration assay
A: 50 mM Di-Na-hydrogenphosphate 1 secin a. dest
B: 50 mM K-dihydrogenphosphate
A:B ~4:1 (pH: 7.4)
o UK 14.304, 0.64 nM Phentolaminmesylate, 10 uM 50 mM Tris-HCI (pH: 7.7) 15 min 90 min 5 min 0.1-26.0 nM, filtration assay
+ 100 uM Manganese chloride 1 secin a. dest.
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Results

Using quantitative in-vitro receptor autoradiography, density measures and laminar
distribution patterns of different receptor binding sites were examined in cortical-,
subcortical and hippocampal regions of reeler and wild type brains. Furthermore,
saturation analyses were performed for each receptor subtype on purified
membranes of whole brain homogenates to investigate Kp and Bmax and allow a
reliable calculation of regional receptor densities both in mutants and controls (Zilles
et al., 2002, 2004).

GABA and A receptor densities are decreased in whole brain homogenates of

reeler mutant mice.

In a first step we performed saturation analyses for all receptor subtypes, to
investigate the global effects of the reelin mutation on neurotransmitter receptor
affinities in wild type and mutant mice brains (Table 2). Since the Kp values are most
important when calculating receptor densities from autoradiographs (see below), we
also investigated whether the mutation of reelin would affect Kp values. No significant
changes in Kp values were found between wild type and reeler brain homogenates
for any of the receptor subtypes investigated. However, we found a significant
reduction of the A4 (-23%, p < 0.001) and GABAAx (-34%, p < 0.01) receptor Bnax (Fig.
2). Since both receptors in general exhibit high densities in the cerebellum, which is
severely reduced in volume in the reeler mutant, we performed a further analysis for
these receptors exclusively in the cerebellum, where we also found a significant
reduction of Ay (-32%, p < 0.001) and GABAA (-61%, p < 0.001) receptors.

Receptor densities exhibit differential regional changes in reeler mouse brains

We then asked whether receptor densities were differentially altered in different
regions of the brain. Therefore, we investigated the regional receptor densities in
Par1, Mot and Put and subregions CA1, CA3, and DG of the hippocampus (Figures
3-6; Table 3).

Although saturation analysis revealed a significant decrease of GABAa
receptor Bnax in whole brain homogenates (see above), no significant differences
were observed in the mean receptor densities in cortical and subcortical brain regions

(Table 3). Thus, the overall decrease of GABAA receptors is restricted mainly to the
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cerebellum, most likely due to the reduced number of granule cells in the mutant
(Mariani et al., 1977). Interestingly, we found a significant reduction of GABAA related
BZ binding sites in the hippocampal CA1 region, as well as in Put (Table 2). Thus,

BZ-binding of the GABAA receptors is reduced in those regions.

In contrast to GABAa receptor densities, the observed decrease of A
receptors was reflected in nearly all investigated regions (except CA1) of the brain.
Thus, in the reeler mutant A receptor densities were severely reduced not only in the

cerebellum, but also in the forebrain.

Furthermore, in DG the densities of both GABAg and 5-HT4 receptors were
significantly reduced in the reeler mutant (Table 3). The decrease of 5-HT1 receptors
was also significant in the hippocampal CA1 region. In contrast, we found a
significant increase of M, receptors in both CA1 and DG (Table 3). In Mot the
densities of adrenergic a4 and o, receptors as well as kainate binding sites were

significantly reduced in reeler (Table 3).

Taken together, we found differential changes of binding site densities for several
receptor subtypes in different brain regions of reeler mice, whereas other receptor

subtypes remained unaffected by the lack of reelin.

Mutation of reelin affects the laminar distribution of receptors in the cerebral

cortex in a subclass specific manner.

Since the discovery of an inverted radial distribution of cortical neurons in the reeler
mutant, it remains still a matter of debate whether the reeler neocortex is indeed
“simply” inverted, or whether a laminated structure exists regardless of the malformed

reeler mouse neocortex.

Since receptors are key elements that link neuronal structure with function, we
were interested in the laminar distribution of receptor subtypes in the cortex of wild
type and reeler mutant mice (Figs. 3-6). Thus, mean profiles were extracted from
Par1 of wild type and reeler mouse brains (Figs. 7-10) as described in detail in
Material and Methods.

The laminar distribution of glutamatergic AMPA, NMDA and kainate receptors
within Par1 of the neocortex was generally inverted in the reeler mutant (red lines in
Fig. 7) when compared with the wild type (black lines in Fig. 7). This was most
obvious for kainate receptors (Figs. 3C and 7). While by far the highest kainate
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receptor densities were found in the deep cortical aspects of the wild type, in reeler
mutant mice the highest densities were found most superficially near to the pial
surface (Figs. 3C and 7). A similar tendency for radial inversion could be observed for
the other glutamatergic receptor subtypes investigated, i.e. AMPA (Fig. 3A) and
NMDA (Fig. 3B).

The laminar distribution patterns of GABA receptor subtypes were also altered
in the reeler mutant when compared with the wild type (Figs. 4 and 8). GABAa
receptors exhibited comparatively high densities in the more superficial layers |, /11|
and IV in the wild type (compare Figs. 4A and 8, upper panel). In reeler, this
distribution is disturbed, since deep and superficial aspects of the neocortex show
low receptor densities, while they are more or less homogenously distributed
throughout the remaining part of the neocortex (Fig. 4A). However, although receptor
distribution differs between the mutant and the wild type, a clear inversion of the
receptor distribution was not observed. For BZ binding sites this effect became even
more obvious (Figs. 4B and 8, middle panel). In the wild type a band of high receptor
density was visible at the level of layer IV. Although less distinct, a similar, but more
scattered distribution was observed in the reeler neocortex (Fig. 4B). A comparison
between the mean receptor profiles of reeler and wild type Par1 also revealed
comparatively similar laminar distribution of BZ binding sites (Fig. 8, middle panel). In
contrast to the wild type, the distribution of GABAg receptors was inverted in the
reeler mouse neocortex. However, this inversion is less distinct than that observed

for the glutamatergic system (compare Fig. 7 with 8, lower panel).

Although mean A4 receptor densities were found to be significantly reduced in
reeler mouse brains, their laminar distribution pattern in Par1 was quite similar to that
of controls (Fig. 5A). A4 receptors were homogenously distributed throughout the
cortical depth (Fig. 9, lower panel) in both wild type and reeler brains. Thus, an

obvious inverted laminar pattern of this receptor subtype could not be observed.

The analysis of serotonergic 5-HT receptors displayed a very complex pattern.
The 5-HT receptors in general showed relatively high densities in the infragranular
layers V and VI in wild type mice. In reeler brains, this laminar distribution was
severely altered. While the autoradiograph in Fig. 5B (right panel) suggested a more
scattered distribution, a closer analysis of mean profiles exhibited a relatively high
density of 5-HT4 in the superficial aspects of the reeler mouse neocortex, hence

indicating an inverted distribution in the mutant (Fig. 9, upper panel). Highest 5-HT>
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receptor densities were found in layers V and VI of the neocortex in the wild type.
However, in the mutant this receptor subtype seemed to be randomly scattered
throughout the cortical depth (Fig. 9, middle panel). Thus, a clearly inverted receptor

distribution could not be defined for this receptor.

A differential expression pattern was observed for the nicotinic (nAch) and
muscarinic (M1-M3) acetylcholine receptors (Fig. 6). In the wild type, M1 receptors
displayed high densities in superficial layer Il/lll, while layers V and VI were
characterized by comparatively low densities. In the reeler mutant this pattern was
basically inverted, but additionally the receptors were more scattered throughout
cortical depth. Concerning Mz receptors in the wild type high densities were found in
layer IV, while expression in layers I-lll and V was comparatively low. In the reeler
cortex this band of high density was virtually absent, but receptors were scattered
throughout cortical depth. Thus, M, receptors did not show a clear laminar inversion
in the reeler cortex but layer IV synaptic connections (i.e. these neurons receive the
thalamocortical input) seemed to be more affected than other layers. The laminar
distribution of the M3 receptor subtype resembled that of M4 receptors (compare Fig.
6A with 6C), i.e. highest densities were present in the superficial layers of the wild
type. The laminar M3 receptor distribution was clearly inverted in reeler mice, and

appears diluted over the infragranular layers.

Very low densities of the nAch receptor subtype were observed in the
neocortex of both wild type and reeler. Relatively high densities were found in the
deeper cortical layers of wild type brains whereas comparatively high densities were
observed in the more superficial parts of the neocortex in the reeler mutant (Figs. 6D

and 10), thus indicating a laminar inversion in the reeler cortex.

The distribution patterns of adrenergic a; and a, receptors exhibited an altered
distribution in the mutant neocortex when compared to that of the wild type
(Supplementary Fig. 1). However, a clear inversion of the laminar distribution of these

receptors could not be observed.
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Table 2: Dissociation constant (Kp) and maximum binding capacity (B..x) of different

neurotransmitter receptors in wild type and reeler brains. Saturation analyses were performed

using purified membrane preparations of whole brain homogenates as described in Material and

Methods. Binding conditions are summarized in Table 1. In reeler mice the B.x of A; and GABA4

receptors were significantly decreased, while the Kp values of all investigated receptor subtypes were

unchanged. Significant differences are highlighted in bold text and marked by one (p < 0.01) or two (p

< 0.001) asterisks, respectively.

KD Bmax
Receptor WT Rn WT Rn
AMPA 15.91+(2.5 15.11£(1.3 922|+(91 ] 1066|+(164
Kainate 4.1|£|0.5 4.0(+|0.5 710|+|46 629|+|41
NMDA 14.5|1+(4.8 14.21+(2.9 217|+|51 202|+|32
A, 0.4|+|0.03 0.3|+|0.04 658|+(31 | **509(+(21
GABA, 7.1[+]0.7 6.8[+|0.5 1856(+|96 | *1228|+|165
BZ 2.3(+|0.1 2.3[+[0.1 1389(+|27 | 1364|+|16
GABAg 1.3/+/0.1 1.5|+|0.2 423]+(11 378[+]21
5-HT, 0.4|+|0.0 0.4[+[0.1 177(=|10 177 +|6
5-HT, 3.5[+|0.8 2.2|+|0.7 455|+|75 320(+|73
D, 0.7]+[0.1 0.6/+|0.0 668|+|61 622|+(22
M, 18.4|+|3.9 23.7|+|2.3 188|+|22 131|£|9
M, 2.91+|0.2 3.8]+|0.7 226|(+(21 250(+|36
M, 1.9/+|0.2 2.0{+]0.1 1013|+[67 859(=+|60
nAch 0.04[+[0.003 | 0.03]+(0.002 22| +|1 21|11
04 0.1[+|0.04 0.2|+|0.03 340(+|61 383|+|44
o2 2.2]+|0.4 2.3]£|0.5 150(+£|9 82|+|6
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Fig. 2: A; and GABA, receptor densities are significantly reduced in reeler whole brain
homogenates while receptor affinities remain unchanged. Whole brain membrane preparations,
as exemplified for A; and GABA,, were incubated with increasing concentrations of tritiated ligand and
specific binding was assessed. Left upper panel Saturation analysis using non-linear regression
showing a significant reduction in A; receptor binding (Bmax) in reeler brain tissue, while receptor
affinity remains unchanged. Right upper panels: Scatchard plots of the respective data. Left lower
panel, saturation analysis using non-linear regression showing a significant reduction in GABA,
receptor binding (Bmax) in reeler brain tissue, while receptor affinity remains unchanged. Right lower

panels: Scatchard plots of the respective data. For all saturation analyses non-specific binding was

less than 5%. B, binding; F, ligand concentration.
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Table 3: Neurotransmitter receptor densities in different regions of wild type and reeler mice brains. Receptor densities were investigated using
quantitative in vitro receptor autoradiography as described in Material and Methods. Binding conditions are summarized in Table 1. In reeler brains several
neurotransmitter receptor densities were altered when compared to the wild type. While most changes were regionally restricted, A; receptors were
significantly decreased in all regions except CA1. Significant differences are highlighted in bold text and marked by one (p < 0.05) or two (p < 0.01) asterisks,
respectively. Receptor densities were calculated for the somatosensory cortex (Par 1), motor cortex (Mot), putamen (Put) and the subregions CA1, CA3, and

dentate gyrus (DG) of the hippocampus.

CA1 CA3 DG Put Par1 Mot
WT Rn WT Rn WT Rn WT Rn WT Rn WT Rn
AMPA | 3219 + 93 3116 + 55| 2521 + 52 2551 + 43| 2638 + 47 2413 + 43 | 1408 + 23 1328 + 28| 1434 + 36 1383 + 34 | 1672 + 115 1519 + 107
Kainate | 515+ 9 477 £ 5 927 + 11 966 + 14| 1027 = 11 978 + 14| 1351 + 22 1395+ 24| 951 + 22 813+ 16 | 1059 + 35 **861 + 17
NMDA | 3182 + 27 2907 + 52| 1643 + 28 1656 + 33| 2295 + 30 2037 + 33| 1084 + 15 1050 + 22| 1159 + 49 998 + 55 | 1203 + 71 1007 + 128

6
7
7
A 2834 + 38| 2565+ 28| 2320 + 31| **2030 + 18 | 1925 + 25| **1744 + 14 | 1545 + 16 | **1384 + 8 | 2055+ 19 | **1706 + 17 | 1600 + 26 | **1335+ 25
6
5
8

GABA, | 1951 + 24 1826 + 48| 1070 + 19 1140 = 36 | 2523 + 33| 2331 + 55| 1694 = 28 1722 = 31 2477 = 73| 2328 £ 127 | 2018 + 73 2046 + 237
BZ 3371 + 56 | **2785 * 39 | 2281 + 37| 2277 + 42| 3302+ 75| 2819+ 33| 1283 + 15[ **1046 + 21| 3180+ 79| 2869 + 41 | 2901 + 96 2504 + 72
GABAg | 4042 + 17| 4208 + 24 | 4743 + 35| 4954 + 28 | 4555 + 38 | **4069 + 26 | 2247 + 28 | 2241 + 28 3981 + 42| 3845+ 54 | 4540 + 67 4331 £ 152

5-HT, 611 + 11 *494 + 13 86+ 3 86+ 5 198 = 4 *136 £ 7 n.m. n.m. 99+ 9 74 + 4 105 + 12 89+ 9
5-HT, 178 £ 9 203+ 5 159+ 7 198 + 6 164 + 15 173 £ 4 554 + 11 479 + 8 256 + 35 245 + 5 268 + 31 186 + 14
D, n.m. n.m. n.m. n.m. n.m. n.m. 1039 + 37 1021 + 14 n.m. n.m. n.m. n.m.

M, 1753 + 48 1562 £ 32| 1054 + 27 1098 + 24 | 1627 + 44 1424 + 38| 1591 + 38 1472 + 38| 1013 + 28 732+ 73 | 1144+ 70 1005 + 101
M, 273+ 6 **366 * 6 427 + 12 516 + 11| 202+ 4 *245 + 5 454 + 8 416 + 9 824 + 22 821 + 21 632 + 37 549 + 52
Ms 1415+ 13 1409 £ 17 | 1020 + 11 1067 + 20 | 1243 + 13 1224 + 23| 1367 + 21 1344 + 25| 1226 + 16 1069 = 58 | 1112 + 29 1078 + 130
nAch 32+ 5 24+ 3 14+ 5 12+ 1 47 + 9 42 + 4 182 + 11 147 £ 7 137 £ 12 123+ 9 166 + 10 133 £ 13
o 146 + 3 144 + 2 141+ 3 132+ 3 119+ 4 123+ 1 103 = 4 106 = 4 342 + 10 353 + 15 552 + 25 *428 + 33
o n.m. n.m. n.m. n.m. 140 = 4 141+ 5 98 + 3 76+ 2 145 + 10 104 £ 6 139 + 16 *83 + 14
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Fig. 3: Distribution of glutamate receptor subtypes is altered in reeler mutant mice. .Color coded
autoradiographic images of a wild type (left) and reeler mouse (right) hemisphere visualizing the
regional and laminar receptor distribution patterns. Hemispheres were color-coded using different
scaling for optimal visualization of receptor density pattern. In the color scales below each image
receptor density is given as fmol/mg protein. For details of regional receptor densities see Table 3 and

results. A AMPA receptors; B NMDA receptors; C kainate receptors.

4553
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Fig. 4: Distribution of GABA receptor subtypes in wild type and reeler mice. Color coded
autoradiographs of a representative section of a wild type (left) and reeler mouse (right) hemisphere
showing the distribution of GABA, receptors (A), benzodiazepine binding sites (B) and GABAg
receptors (C). Note the different color scales below each image. Receptor density is given as fmol/mg

protein. For details of regional receptor densities see Table 3 and results.

6205
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Fig. 5: Distribution of A1 and serotonergic receptor subtypes in wild type and reeler mice. Color
coded autoradiographs of a representative section of a wild type (left) and reeler mouse (right)
hemisphere showing the distribution of A1 (A), 5-HT, (B), and 5-HT, receptors (C). Note the different
color scales below each image. Receptor density is given as fmol/mg protein. For details of regional

receptor densities see Table 3 and results.
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Fig. 6: Muscarinic and nicotinic acetylcholine receptors show different distribution patterns in
wild type and reeler mice. Color coded autoradiographs of a representative section of a wild type
(left) and reeler mouse (right) hemisphere showing the distribution of muscarinic My (A), M, (B), M3 (C)
and nicotinic acetylcholine receptors (D). Note the different color scales below each image. Receptor

density is given as fmol/mg protein. For details of regional receptor densities see Table 3 and results.
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Fig. 7: Laminar distribution of glutamatergic receptors. Laminar profiles through the cortical depth
for AMPA (upper panel), NMDA (middle panel) and kainate (lower panel) receptors. Density profiles (+
SEM) were extracted and averaged in the primary somatosensory cortex of five wild type (black line)
and five reeler brains (red line) as described in Material and Methods. The total cortical depth from the
pial surface to the white matter border was normalized to 100%, while the area under the curve was

normalized to 1.
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Fig. 8: Laminar distribution of GABA receptors. Laminar profiles of receptor densities (+ SEM)
through the cortical depth for GABAA (upper panel) receptors, benzodiazepine binding sites (middle
panel) and GABAg (lower panel) receptors in the primary somatosensory cortex of wild type (black
line) and reeler brains (red line). While differences in the laminar distribution pattern exist for GABA4
and GABAg receptors more subtle changes were observed for benzodiazepine binding sites. For

normalization see legend Fig. 7.
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Fig. 9: Laminar distribution of A; and serotonergic receptors. Laminar profiles of receptor
densities (x SEM) through the cortical depth for A; (upper panel), 5-HT; (middle panel) and 5-HT,
(lower panel) receptors in the primary somatosensory cortex of wild type (black line) and reeler brains

(red line). For normalization see legend Fig. 7.
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Fig. 10: Laminar distribution of muscarinic and nicotinic acetylcholine receptors. Laminar
profiles of receptor densities (+ SEM) through the cortical depth for muscarinic M, (upper panel), M,
(upper middle panel), M (lower middle panel) and nicotinic (lower panel) acetylcholine receptors in the
primary somatosensory cortex of wild type (black line) and reeler brains (red line). Whereas
muscarinic My and Mj; receptors show an inversion in their laminar distribution, no inversion was
observed for the muscarinic M, and the nicotinic acetylcholine receptors. For normalization see legend
Fig. 7.
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Discussion

The regional densities of sixteen different neurotransmitter receptors were analyzed
for the first time in neo- and allocortical areas as well as in subregions of the
hippocampus of reeler mice and compared with controls. Furthermore, laminar
profiles of receptor density were extracted from Par1, indicating that most receptors
exhibit a clear laminar inversion in the reeler brain (i.e. AMPA, kainate, NMDA,
GABAg, 5-HT4, M4, M3, nAch), while others did not demonstrate an obvious inversion
(A1, GABAa, BZ, 5-HT,, My, a4, az). Additionally, our data demonstrated significant
changes of whole brain Bmax for A1 and GABAA receptors in reeler brains. While the
decrease of GABAa receptors proved to be restricted to the cerebellum, other
receptor subtypes (A4, kainate, BZ binding sites, 5-HT{ M, a4 and ay) showed

regional changes of their density in the forebrain.

Laminar distribution of receptor subtypes

The mammalian neocortex consists of six layers of neurons with distinct functional
and morphological characteristics. The layers are generated during ontogeny in an
inside-out sequence, with early born neurons located in deep and late born neurons
in superficial layers (Angevine and Sidman, 1961; Berry and Rogers, 1965; Rakic
and Caviness, 1995; Takahashi et al., 1999). The extracellular matrix protein reelin is
critical for the migration of neurons to their final laminar position acting via two
receptors: the very low density lipoprotein receptor (VLDLR) and the apolipoprotein E
receptor (ApoER2). The proper migration of late generated neurons, requires
ApoER2 whereas VLDLR mediates a reelin caused stop signal that prevents neurons
migrating into the cell-poor marginal zone (Hack et al., 2007). Mutations in the reelin,
the Dab1 and in both the VLDLR and ApoER2 genes result in a reeler-like phenotype
characterized by a severely altered cortical layering despite a virtually normal
development of the preplate (Caviness, 1982; Howell et al., 1997; Sheldon et al.,
1997; Sheppard and Pearlmann, 1997; Ware et al., 1997; Trommsdorff et al., 1999;

for review see Lambert de Rouvroit and Goffinet, 1998).

We hypothesized that the laminar receptor distribution pattern in Par1 should
basically mirror this inverted cellular organization. The laminar distribution of AMPA,
kainate, NMDA, GABAg, M4 M3, nAch and 5-HT, receptor densities reflected this
assumption, while other receptor subtypes (GABAa, BZ, My, 5-HT2a, a1, oz and A+)
did not show a clearly inverted distribution pattern (Figs. 7-10, Suppl. Fig. 1). These
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observations are partially confirmed by Dekimoto et al. (2010) who used in situ
hybridization to study the distribution of layer specific mMRNAs in reeler and control
brains. Similar to our findings, they reported that layer specificity in the reeler
somatosensory cortex exhibits a complex pattern ranging from splitting of layers
(layer VI, characterized by Tbr1 expression) to a complete disruption of layer integrity
and dispersion of the respective neurons (layer V, characterized by ER81
expression). None of the investigated layer specific markers demonstrated a clear
radial inversion. However, labeling of layer specific markers by in situ hybridization is
restricted to the cellular level. It has to be taken into account that neurotransmitter
receptors distribution is cell and target specific for a given neuronal cell type as
shown at the subcellular level. While a given receptor may be localized at the
dendrite, the respective soma can be localized in a completely different layer.
Additionally, some neurotransmitter receptors are more or less homogenously
distributed throughout the cortical depth in the wild type (e.g. A1 receptors, cf. figures
5A and 9), and thus, it is not possible to state whether their distribution is inverted in

the reeler brain.

In addition, neurotransmitter receptors, in particular glutamate and GABA receptors
are involved in the migration (Behar et al., 1999; Lopez-Bendito et al., 2003) and
positioning of neurons in their appropriate target layer (for review see Lujan et al.,
2005). Lack of reelin leads to an incorrect migration and false positioning of neurons
and as a consequence may also result in the differential expression and different cell-
specific subcellular distribution of neurotransmitter receptor subtypes in correctly
versus malpositioned late born neurons. Thus, it can be assumed that the
establishment and maintenance of the different neurotransmitter systems may be
disturbed in reeler mice during embryonic and early postnatal development, and

hence directly affect the expression of specific neurotransmitter receptor subtypes.

Reelin in synaptic transmission and plasticity

Beside its known function during cortical development, recent studies have focused
on the role of reelin in the adult brain. Two major functions seem to be associated
with the reelin pathway. First, recent studies indicate reelin as an important factor to
preserve hippocampal lamination, i.e. application of recombinant reelin in a kainate

model of epilepsy inhibits seizure-associated granule cell dispersion of the dentate
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gyrus (Mdller et al., 2009). Vice versa, inhibition of reelin by hippocampal injection of

the CR-50 antibody results in massive granule cell dispersion (Heinrich et al., 2006).

Second, reelin regulates synaptic plasticity, e.g. by increasing the surface
mobility of the NR2B subunit of the NMDA receptor (Groc et al., 2007), modulation of
receptor subunit composition and activity of NMDA and AMPA receptors (Chen et al.,
2005; Sinagra et al., 2005; Qiu et al., 2006) and by enhancing long-term potentiation
(Marrone et al., 2006; Beffert et al., 2004, 2005; Weeber et al., 2002). Thus, it was

hypothesized that reelin deficiency may influence neurotransmitter receptor densities.

It was suggested before that reelin is involved in synaptic plasticity by regulating
neurotransmitter receptor expression. Using saturation analysis Matsuzaki et al.
(2007) demonstrated that Dy and D, receptor binding is decreased in striatal
homogenates of reeler mice. Furthermore, dopamine receptor dependent
methamphetamine-induced hyperlocomotion is reduced in wild type mice after in vivo
inhibition of reelin function. Thus, these results indicate a role for reelin in the

regulation of dopaminergic neurotransmission.

In contrast, we did not find significant changes of D1 receptor expression in
reeler mice. While their methodological approach was similar to ours, Matsuzaki and

colleagues (2007) used a different strain of reeler mice (Reeler™), Jackson

Laboratories) bearing a different allele of the reeler mutation. In Reeler®"

mice, used
in the present study, a truncated reelin protein is produced but not secreted
(Bergeyck et al., 1997), while in Reeler™ mice a deletion of approximately 150 kb 3'
sequences leads to a lack of functional reelin (D’Arcangelo et al., 1996). Thus,
different alleles of the reeler mutation may lead to different effects on dopamine

receptor expression.

Here, significant changes in mean densities of several neurotransmitter
receptors were found in reeler mice, whereas others remained unaffected. In the
reeler somatosensory cortex significant differences could only be found for the A;
receptors. This result may support earlier findings that the thalamocortical input to the
barrel field is generally maintained in reeler, although the barrels are structurally
altered (reviewed by Lopez-Bendito and Molnar, 2003). This assumption is supported
by previous cytoarchitectural and electrophysiological studies that proposed a
general preservation of area specific characteristics in this mutant (Simmons et al.,
1982; Caviness and Frost, 1983; Simmons and Pearlman, 1983; Terashima et al.,
1987; Strazielle et al., 2006).
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Implications for reelin function in neurodegenerative diseases

The reelin pathway has been suggested to be involved in the pathology of very
different neurological diseases like lissencephaly, schizophrenia, epilepsy and
Alzheimer’s disease (reviewed by D’Arcangelo et al., 2006; Deutsch et al., 2006;
Fatemi, 2008; Haas and Frotscher, 2010).

Here, we describe a massive decrease of A4 receptor densities in the reeler
mutant. Activation of A receptors results in a reduction of synaptic glutamate release
(Prestwich et al., 1987), thereby regulating neuronal activity, synaptic plasticity and
learning (reviewed by Fredholm et al., 2005; Stone et al., 2009). The importance of
A+ receptors for synaptic transmission is underlined by the fact that a significant
decline of A4 receptor density was numerously demonstrated in brains of patients
suffering from Alzheimer’s disease (AD) (Jansen et al., 1990; Kalaria et al., 1990;
Jaarsma et al., 1991; Ikeda et al., 1993; Ulas et al., 1993; Fukumitsu et al., 2008). An
increasing body of evidence also implies a role for the reelin pathway in AD. Reelin
signaling antagonizes beta-amyloid-induced suppression of NMDA receptor-
mediated long-term potentiation (Durakoglugil et al., 2009), and reelin is found in
plagues of [-amyloid precursor protein (APP) and presenilin-1 double-transgenic
mice (Wirths et al., 2001). Furthermore, reelin expression is decreased in the
entorhinal cortex of human APP transgenic mice as well as in human AD patients
(Chin et al., 2007). In addition, the neuronal expression, glycosylation pattern and
cerebrospinal fluid levels of reelin were shown to be differentially altered in human
AD (Saéz-Valero et al., 2003; Botella-Lopez et al., 2006). The reeler mouse is
admittedly not an established model for the complex mechanism of human AD.
However, these correlations make it tempting to speculate that reelin mediated
changes of neurotransmitter receptor expression might possibly link the reelin

pathway and the molecular mechanisms of AD.

In summary, our results on the density and distribution pattern of neurotransmitter
receptors in reeler mice point to a role of reelin in the regulation of different
neurotransmitter systems thereby directly or indirectly controlling synaptic

transmission and plasticity.

129



Publications

Supplementary Fig. 1: Distribution of adrenergic o4 and o, receptor subtypes in wild type and
reeler mice.

Color coded autoradiographs of a representative section of a wild type (left) and reeler mouse (right)
hemisphere showing the distribution of o4 (A, A1) and o, (B, B1) receptors. A2, B2, Laminar
distribution of a4 (upper right panel) and o, (lower right panel) receptors in the primary somatosensory

cortex of wild type and the reeler mutant mice.
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Discussion

Changes of neurotransmitter receptor densities, distribution, and subunit expression
were investigated in rodent models of neurodegeneration. Particularly, the effects of
repeated seizures, inhibition of the glutamate/glutamine cycle or reelin mutation were
analyzed. To allow a more differential study of neurotransmitter receptor subunits on

the mRNA level a new method of in situ hybridization was established.

1. Pentylenetetrazole-induced seizures

Repetitive intraperitoneal injection of PTZ in rats induced acute and chronic seizures,
resulting in an oxidative stress response as indicated by enhanced heat shock
protein 27 (HSP-27) expression in astrocytes (Bidmon et al. 2008). Since astrocytes
decisively contribute to neurotransmitter metabolism, we hypothesized imbalances of
neurotransmitter receptor expression in this seizure model. PTZ induced seizures
resulted in a general decrease of kainate receptor densities, together with an
increase of NMDA binding sites in the hippocampus, the somatosensory, piriform and
the entorhinal cortices. Furthermore, A binding sites were decreased in the
amygdala and CA1, while BZ binding sites were increased in the dentate gyrus and
CA1. However, the observed changes were independent of the glial stress response,
exhibiting a much wider regional distribution than the enhanced glial HSP-27

expression.

Binding site densities for kainate were significantly reduced in all investigated regions
of PTZ treated rats. Systemic administration of kainate has been extensively used as
a model for temporal lobe epilepsy (reviewed by Vincent and Mulle 2009). However,
due to the varying synaptic and subcellular localization and functions of kainate
binding sites (reviewed by Lerma, 2003; Pinheiro and Mulle, 2006), it is still a matter
of debate how this receptor class is involved in the epileptic pathology. Here, high
affinity kainate receptors (Monaghan and Cotman, 1982) with binding sites located at
the KA1- and KA2-subunits (Werner, 1991; Herb, 1992) were quantified, which
reversibly inhibit K*-currents responsible for the slow after-hyperpolarizing potential in
hippocampal pyramidal cells (Gho et al., 1986; Melyan et al., 2002; Fisahn et al.,
2005; Ruiz et al., 2005). Thus, an activation of kainate receptors results in enhanced
neuronal excitability at least in the hippocampal formation. Since we demonstrated a

reduction of kainate binding in all investigated brain regions of PTZ-treated rats, one
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could speculate that decreased kainate binding acts as mechanism to reduce
enhanced neuronal function in the epileptic brain. However, further effort is
necessary to elucidate this subject. Particularly, it has to be investigated whether the
observed changes are due to PTZ-treatment (i.e. GABAA inhibition) or the reduction

of kainate binding site is secondary to seizure onset.

Though PTZ is a potent inhibitor of GABAA function, densities of the GABAAa receptor
were unaffected in our model. However, we did find an increase of BZ binding site
densities in the CA1 region and the dentate gyrus of PTZ-treated rats. The BZ
binding site is located between y, and a(2,35 subunits of the pentameric GABAA
receptor, while GABA (as well as the [°H]-ligand muscimol) binds between a and B
subunits of the receptor (Pritchett et al., 1989; Rudolph et al., 1999; McKernan et al.,
2000; Baumann et al., 2003). Thus, these results indicate alterations of the subunit-
composition of the functional GABAa receptor at least in these areas. As the
hippocampus is known to be especially susceptible to epileptic activity (Majores et
al., 2007; Scharfman and Gray, 2007) and it has further been shown that GABAAa
agonist administration reduces the effect of PTZ-application after single as well as
chronic treatment (Hansen et al., 2004), this upregulation might generally attenuate

neuronal activity in this regions.

HSP-27 expression is regionally elevated in astrocytes due to oxidative stress in both
human epileptic patients as well as in the PTZ-model (Bidmon et al., 2004, 2008).
Therefore, one goal of the present study was to test the hypothesis that PTZ-induced
impairment of glia cells results in alterations of neurotransmitter receptor densities.
We found a partial overlap of regions showing glial heat shock response and altered
receptor densities. Regions in which altered HSP-27 expression and binding site
densities coincided were the piriform-entorhinal cortex, the dentate gyrus and the
amygdala. In the somatosensory cortex receptor binding sites were significantly
changed, but not the glial heat shock response (Bidmon et al., 2005). For the
retrosplenial cortex we found a decrease of kainate binding but no increase in HSP-
27 induction (Bidmon et al. 2005). Therefore, changes in the retrosplenial cortex
would correspond to the early activations observed during PTZ-induced seizures as
revealed by functional imaging (Brevard et al. 2006) or c-fos induction (André et al.,
1998). However, the most striking difference was detected in CA1, where
considerable alterations of receptor binding sites were not accompanied by a glial

heat shock response. We therefore suggest, that alterations of receptor densities in
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the PTZ-model occur independent of corresponding glial impairment and precede the

glial reaction in a region-specific manner.

Rats were treated with the convulsive PTZ to investigate the effects of repeated
seizures on neurotransmitter receptor densities. Changes of binding site densities for
kainate, NMDA, A; and BZs were demonstrated, which were independent of a
hypothesized concomitant HSP-27 expression. Thus, neurotransmitter receptor

alterations in the PTZ model did not follow a glial stress response.
2. Inhibition of glutamine synthetase

The in vivo inhibition of GS in rats resulted in decreased BZ binding site densities in
the somatosensory, piriform, and entorhinal cortices and in the amygdala 24h and
72h after MSO-treatment. Additionally, decreased BZ-binding on cerebral membrane
homogenates was demonstrated 72h after MSO-treatment without changes in
binding site affinity. Furthermore, we found differential changes of GABAa a4, y2 and
phosphorylated y, (p- y2) subunits following MSO treatment. These changes were
independent from alterations of the respective mRNA levels as revealed by
quantitative in situ hybridization. Inhibition of GS did not affect glial glutamate
transporter GLAST and Glt-1 quantities.

In MSO treated rats changes of BZ binding site densities and GABAergic subunit
composition comprise a regional and temporal dependency. Thus, inhibition of the
GGC does not result in a distinct alteration of GABAergic receptors, but is moreover
regulated by spatial and temporal factors, the most likely of which is seizure
susceptibility (within the epileptic circuitry). Results from autoradiography
experiments exhibited decreased densities of BZ binding sites 24h and 72h after
MSO treatment. This decrease only proved to be significant in the dentate gyrus 24h
after treatment, and after 24h as well as 72h in the amygdala, the piriform and
entorhinal cortices. Interestingly, the piriform and entorhinal cortices are key regions
within the epileptic circuitry (White, 2002). Since MSO affects all astrocytes (Bidmon
et al.,, 2008), this regional specificity indicates that MSO-induced seizures
differentially affect the neuron-glia interaction in seizure prone cerebral regions.
Interestingly, this pattern basically corresponds to an enhanced expression of HSP
27 (a label for affected astrocytes) in MSO treated rats and, further, to enhanced GS-
nitration following pentylenetetrazole (GABA-antagonist)-induced seizures (Bidmon et

al., 2008). Therefore, we propose that the piriform/entorhinal cortices, dentate gyrus
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and hippocampal CA1 region are key regions in which impaired astrocytic glutamate
metabolism causes region-specific changes of neurotransmitter receptors in seizure

prone neurons and/or glia cells in both animal models.

During the course of GS-inhibition we found decreased levels of a4 subunits after 24h
but not after 72h. Furthermore, we measured a decrease of y, and phosphorylated y»
(p-y2) subunits after 24h, but an increase of y, without changes of p-y, after 72h.
Conversely, quantities of functional BZ binding sites in brain homogenates were
unchanged after 24h but significantly decreased after 72h. Thus, it seems most likely
that subunit expression alterations precede functional binding site alterations at the
multimeric receptor. GABAA receptor subunit expression and ligand binding have
previously been demonstrated to be differentially altered in rodent models of temporal
lobe epilepsy (e.g. Walsh et al., 1999; Volk et al., 2006; Bethmann et al., 2008). For
example, the expression of a4, az, B3 and y, subunits was significantly decreased in
the hippocampus of antiepileptic drug resistant rats (Bethmann et al., 2008).
Therefore, it is tempting to speculate that GABAa subunit changes induced by GGC
disruption might be key events for both epileptogenesis (Eid et al., 2004; 2008) as
well as antiepileptic drug resistance (reviewed by Ldscher 2009; Schmidt and
Ldscher 2009).

Alterations of glutamate recycling could result in changes of astrocytic glutamate
transport (Rothstein and Tabakoff, 1985). Therefore, we investigated the expression
of the major glutamate transporters GLAST and Glt-1 in MSO treated rats versus
controls. The astrocytic membrane is responsible for at least 80% of glutamate
clearance and the maijority of synaptic inactivation in the brain (Bergles and Jahr,
1997; Danbolt, 2001). An increase of glutamate concentration in the synaptic cleft
could induce excitotoxicity. However, we did not observe evidence for enhanced
cellular decline in our model. This observation is supported by experiments on the
effect of MSO (350 mg/kg) on blood brain barrier permeability, where ultrastructural
investigation demonstrated that MSO, even in high concentrations, does not affect
glial integrity (Nitsch et al., 1986) and pathological changes in glia cells are induced
only after repeated application of MSO. Astrocytic glutamate uptake is significantly
enhanced for up to 7 days after intraventricular injection of MSO (Rothstein and
Tabakoff, 1984). Therefore, we hypothesized that an enhanced glial glutamate
transport might lead to an increased transporter expression. GLAST and Glt-1 are the

predominant glutamate transporters in the brain and both are mainly expressed by
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astrocytes (Gadea and Lopez-Colomé, 2001). However, we did not find changes of
either GLAST or Glt-1 expression in our study. Thus, available glutamate transporters
sufficiently remove synaptic glutamate, or an enhanced transport is not mediated by
increased transporter expression, but rather by changes in removal rate or affinity
(Rothstein and Tabakoff, 1984).

The astrocytic enzyme glutamine synthetase is a key regulator of glutamate and
GABA metabolism. We demonstrated that in vivo inhibition of GS induces differential
changes of BZ binding and GABAAx receptor subunit composition. In conclusion, our
results suggest a feedback regulation between neurotransmitter recycling in the GGC
and GABAergic synaptic transmission, likely resulting in altered GABAA modulation
by BZs.

3. Reeler mice

Neurotransmitter receptor densities and distribution were significantly altered in reeler
mouse brains when compared to the wild type. In the cerebral cortex some receptor
subtypes demonstrated an obvious laminar inversion (i.e. AMPA, kainate, NMDA,
GABAg, 5-HT4, My, M3, nAch), while other subtypes (A1, GABAa, BZ, 5-HT,, My, a4,
az) were less strikingly affected. A significant decrease of Bmax in whole brain
homogenates was found for A1 and GABAA receptors. The later was demonstrated to
be restricted to the cerebellum, while A4 receptors were also significantly reduced in
all investigated regions of the forebrain (except CA1). Several binding site densities
exhibited regionally restricted changes in the forebrain (i.e. kainate, A,
benzodiazepine, 5-HT1, muscarinic M, adrenergic a4 and ay), while other receptor
types were unaffected in the investigated regions (i.e. AMPA, NMDA, GABA,, 5-HT>,
D¢, M1, M3, nAch).

In reeler mice, a disturbed developmental migration of neurons has been shown to
result in an inversion of neocortical layers (Caviness, 1982; reviewed by Frotscher,
1998; Rice and Curran, 2001). However, the assumption of a “simple” inversion of
neocortical layers in the reeler brain is still controversially discussed. For example,
injection of horseradish peroxidase (HRP) into the thalamus labeled thalamocortical
neurons in the layer VI of wild type mice, whereas the same experiment in reeler
mice resulted in about 60% of retrogradely labeled neurons localized beneath the pial
surface and the remaining labeled neurons evenly scattered along the radial axis of

the cortex (Yamamoto et al., 2003). On the other hand, it was suggested that
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thalamocortical input into the barrel field of the somatosensory cortex is generally
maintained in reeler, although barrels were shown to be structurally altered (reviewed
by Lopez-Bendito and Molnar, 2003). Earlier studies demonstrated that when HRP
was injected into the spinal cord to retrogradely label the corticospinal tract, the cell
soma of the pyramidal neurons in the layer V of the cerebral cortex were stained in
the wild type, while in reeler, the retrogradely labeled corticospinal neurons
distributed widely throughout the radial cortical depth (Terashima et al., 1983). Thus,
it can not be concluded doubtlessly that the spatial relationship at least of layer V and
layer VI neurons is inverted in the reeler cortex. In our study of neurotransmitter
receptor distribution in the somatosensory cortex of wild type and reeler brains, we
found that AMPA, kainate, NMDA, GABAg, M1, M3, nAch and 5-HT receptor densities
reflected an inverted distribution in reeler, while other receptor subtypes (GABAa, BZ,
My, 5-HT2a, a4, a2 and A4) did not show a clearly inverted distribution pattern.
Therefore, we suggest that the reeler cortex may basically be inverted, however, not
all receptor types were affected to the same degree. Therefore, our results support
both hypotheses of an inverted vs. a scattered neocortical organization, depending
on the receptor type emphasized. These observations are partially confirmed by
Dekimoto et al. (2010) who used in situ hybridization to study the distribution of layer
specific mMRNAs in reeler and control brains. Similar to our findings, they reported that
layer specificity in the reeler somatosensory cortex exhibits a complex pattern
ranging from splitting of layers (layer VI, characterized by Tbr1 expression) to a
complete disruption of layer integrity and dispersion of the respective neurons (layer

V, characterized by ER81 expression).

Here, we demonstrated differential changes of neurotransmitter receptors in all
investigated regions of the reeler brain. While most receptor changes were locally
restricted, the density of A4 receptors was decreased in all regions of the forebrain
(except CA1). Additionally, this decrease of A4 density was verified on crude neuronal

membrane preparations of reeler whole brain homogenates.

The function of reelin in the adult brain has been demonstrated to be involved in
synaptic plasticity by modulation of glutamate receptor function (reviewed by Rogers
and Weeber, 2008). For example, reelin perfusion was shown to enhance synaptic
plasticity in hippocampal slices after high frequency stimulation of Shaffer collaterals
(Weeber et al., 2002). This enhancement of long term potentiation is mediated by

phosphorylation of NR2A subunits of the NMDA receptor, thereby increasing Ca**
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conductance (Beffert et al., 2005). Furthermore, longer reelin perfusion (> 20
minutes) resulted in an NMDA receptor independent increase of synaptic AMPA
receptors in CA1 (Qiu et al., 20006).

Due to the influence of reelin on NMDA and AMPA receptors in vitro, changes of
these receptors could have been expected in reeler mice. Although we did not
observe alterations of AMPA or NMDA receptor density or affinity, we found a
massive decrease of A receptor densities in reeler. Activation of A4 receptors results
in a reduction of synaptic glutamate release (Prestwich et al., 1987), thereby
regulating neuronal activity, synaptic plasticity and learning (reviewed by Fredholm et
al., 2005; Stone et al., 2009). Thus, it can be hypothesized that a lack of reelin and,
therefore, a lack of its enhancing effect on glutamatergic AMPA and NMDA
receptors, might be partially compensated by a downregulation of A receptors. A
decreased activation of A4 receptors would result in an enhanced glutamate release
(Prestwich et al., 1987). It would be an interesting approach to investigate the effect
of reelin enriched medium on A receptor expression in organotypic slice culture of
wild type an reeler brains. An inhibition of reelin function in the wild type using the
CR-50 antibody (Ogawa et al., 1995; D'Arcangelo et al., 1997; Miyata et al., 1997;
Nakayima et al., 1997) would complete these experiments. Additionally, a
comprehensive receptor autoradiographic study in heterozygous reeler mice, which
express approximately 50% less reelin than the wild type (Tueting et al., 1999; Liu et
al., 2001), could yield evidence on the in vivo effect of reduced reelin expression on
neurotransmitter receptors. Furthermore, this would rule out the possibility, that the
observed changes of neurotransmitter receptors in reeler are secondary to the
disturbed neuronal organization rather than to a lack of the functional protein.

However, these questions remain subject of further investigation.

The extracellular matrix protein reelin regulates neuronal development and
modulates neurotransmitter receptor activity in the adult. Here, we demonstrated
differential changes of neurotransmitter receptor densities and distribution in reeler
mice, lacking the functional protein. Our results partially supplement on the
assumption of a neocortical inversion in reeler and support previous hypotheses of a

role for reelin in neurotransmitter receptor regulation.
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4. Quantitative in situ hybridization

A new method of qISH was established using **P-labelled deoxyribonucleotides in
combination with **C polymer standards and a phosphorus imaging system. To test
our approach we quantified the mRNAs of the glutamatergic AMPA receptor subunits
GluR1 and GIuR2 in the hippocampus of untreated rats, and after application of
DMA". According to the hypothesis, the mRNA levels of GluR1 and GIuR2 were
significantly reduced in DMA'" treated rats.

Since conventional film autoradiography requires exposure times ranging from
several days to months, we were interested in reducing the time required for this
procedure by utilizing phosphorus screen imaging. Moreover, dose response of an
autoradiography film is linear only over a rather narrow range of exposure, which
further limits the utility of film autoradiography. The use of phosphorus imaging is a
suitable approach to generate autoradiographs in qISH within only a few hours or
days. Depending on specific activity of the hybridization probe, images of high quality
can be produced in less than 8 h. However, phosphorus imaging plates exhibit a
technically limited resolution of only 50 pm, thus, resulting in a apparent
disadvantage compared to conventional film autoradiography. A resolution of
approximately 10 um can be achieved using conventional film and 3H-labelled probes
in classic receptor autoradiography (Zilles et al., 2002). However, the use of °H-
labelling is generally regarded as inappropriate for qISH, since quenching of *H
radiation by lipophilic structures and proteins within the tissue would adulterate
quantitative analysis. Thus, probes for qISH are typically labeled using *°S or *P,
which are less affected by tissue-inherent quenching due to their higher emission
energies. Our results demonstrated a maximum spatial resolution between 140-160
um within a **P-labelled tissue sample. Conclusively, when working with **P, there is

no disadvantage in image resolution using phosphorus imaging plates.

We further simplified the experimental workflow of qISH. To avoid the time
consuming preparation of **P tissue standards for each experiment, which is needed
for a reliable densitometric analysis, we used commercially available "C-standards.
Polymer standards labeled with '*C can be used for calibration of autoradiographs
prepared with >*S or **P-labelled probes (Miller, 1991; Baskin and Stahl, 1993), since
these isotopes exhibit R-radiation with similar emission spectra. The use of "C is

beneficial because of its half-life (5730 years) compared to short-lived **P (25.4
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days). Thus, 'C-polymer standards can be repeatedly used in hybridization

experiments using >*P-labelled probes.

Our results showed that single treatment of rats with DMA'" significantly reduces the
MRNA expression levels of the AMPA receptor subunits GluR1 and GIuR2 in the
hippocampus. Since DMA" treatment was previously demonstrated to reduce the
number of hippocampal AMPA receptors (Lopez Escobar, 2009; Kriger et al., 2006;
2007) the mRNA of subunits GluR1 and GIuR2 showed the awaited reduction after
using the present method. Thus, our method describes a reliable technique that can
be easily used in any laboratory to quantify the expression of high and low abundant
MRNAs.

5. Summary and conclusions

In the present work, neurotransmitter receptors were studied in rodent models of
repeated seizures, inhibition of the glutamate/glutamine cycle or reelin gene
mutation, respectively. While the specific results were discussed above with
emphasis on the underlying hypotheses of each study, in the following these findings
will be briefly reflected according to common aims and questions underlying all

studies.

1. Are the densities and regional distribution of neurotransmitter receptors

affected in a given animal model?

Significant changes of neurotransmitter receptor densities were demonstrated in all
investigated models, most of which exhibited a complex temporal and spatial pattern
of these alterations. Several receptor types were differentially changed in the PTZ
model as well as in the reeler mouse brain, while inhibition of GS in rats exclusively
resulted in decreased BZ binding site densities. A disturbed cytoarchitecture in the
reeler mouse brain was accompanied by changes of laminar receptor distribution,
complementing studies of the reeler phenotype and partially supporting the
hypothesis of an inverted neocortical organization in reeler. Thus, these results
demonstrate that neurotransmitter receptor changes correlate with disturbances of
functional as well as structural determinants of normal brain function in different

animal models.
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2. Are the observed changes restricted to a single receptor type or a specific

brain region?

In the present study, alterations of a specific receptor type were most often
accompanied by changes of other receptors systems. Correlating changes could
occur in several brain regions, or be otherwise regionally restricted. For example, in
the PTZ model a general decrease of kainate binding site densities was
accompanied by increased NMDA receptor densities in most (i.e. five out of seven)
but not all investigated regions. On the other hand, a global decrease of A receptors
in reeler mice was accompanied by decreased adrenergic a; and a; densities in the
motor cortex only. The inhibition of GS in rats exclusively resulted in decreased BZ
binding sites, however this decrease was demonstrated in several brain regions.
Together, these observations underline the necessity of multiple receptor studies for

investigations on receptor expression under different experimental conditions.

3. Do changes of receptor density correlate with altered receptor pharmacology

(e.g. binding site affinity, maximum binding capacity)?

The maximum binding capacity and binding affinity of neurotransmitter receptors
were investigated using saturation analysis of brain homogenates in reeler mice and
MSO treated rats. In both models significant changes of Bnax were found for some
receptors, while the respective Kp values were unaffected in all cases. The observed
changes of Bmax could be verified by respective regional density changes of the
receptors in native brain sections. Thus, in this study the affinity of the investigated
receptors were maintained in reeler mice and after GS inhibition in rats, while Bmax
values confirmed changes of regional receptor densities as revealed by receptor

autoradiography of native brain sections.

4. Do changes of receptor subunit composition or mRNA transcription levels play

a role in receptor regulation?

A new method of quantitative in situ hybridization was established. Using this
approach it was demonstrated that decreased AMPA receptor densities in the
hippocampus of DMA'" treated rats correlated with decreased receptor subunit mRNA
expression. Inhibition of GS resulted in differential changes of GABAa receptor

subunit composition as revealed by Western blot analysis. However, these changes
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were independent of a respective decrease of subunit mRNAs. Thus, changes of
receptor subunit composition and expression were shown, which did not depend

inevitably on changes of the respective mRNA levels.

Taken together, the investigation of neurotransmitter receptors in rodent models of
repeated seizures, inhibition of the glutamate/glutamine cycle or reelin gene
mutation, respectively, demonstrated that i) loss of neuronal structure or function
coincided with differential changes of neurotransmitter receptor densities in all
investigated models ii) correlating changes of receptor densities could occur in
numerous brain regions or in a regionally restricted manner iii) a disturbed neuronal

function could influence receptor subunit composition and mRNA expression.

Conclusively, this study revealed a complex pattern of correlations between
disturbances of neuronal structure or function and changes of neurotransmitter
receptors. Since neurotransmitter receptors are a major target for pharmacological
intervention, these results might offer ambitions for the development of new

therapeutic strategies.
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