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Summary

Summary

N-methyl-D-aspartate (NMDA) receptor-mediated calcium signaling plays an essential role in
many processes in neurons such as nuclear gene transcription and synaptic plasticity.
Calcium-dependent signaling from the synapses to the nucleus can result in long-lasting
changes of synaptic input and dendritic cytoarchitecture. Moreover, the site of calcium entry
can determine the biological outcome of the signal and therefore calcium channel-associated
signaling complexes might have a key role in mediating the selective activation on gene
transcription programs in response to calcium influx.

The neuronal calcium-sensor protein Caldendrin is highly enriched in dendrites including
dendritic spines and tightly associated with the postsynaptic density (PSD). At elevated
calcium levels Caldendrin binds to Jacob — a newly identified brain-specific protein. Jacob
displays a distribution similar to that of Caldendrin in the PSD and dendritic spines but, in
contrast to Caldendrin, is also found in neuronal nuclei. Jacob harbors a bipartite nuclear
localization signal (NLS) in its central a-helical region and translocates to the nucleus in
response to NMDA receptor activation. Immunofluorescence studies in primary hippocampal
neurons demonstrate that the presence of the NLS sequence is essential for Jacob’s nuclear
transport. Moreover, after enhanced synaptic activation Caldendrin binds Jacob and masks
Jacob’s NLS, and thereby interferes with Jacob’s nuclear recruitment. Furthermore, nuclear
accumulation of Jacob is mainly initiated by calcium flux through extrasynaptic NMDA
receptors, triggers the Ca2+/cAMP-responsive element binding protein (CREB) shut-off
pathway and in consequence, negatively regulates CREB target gene expression, which
results in cell death. Nuclear knockdown of Jacob prevents CREB shut-off after extrasynaptic
NMDA receptor activation. Moreover, overexpression experiments show that nuclear
accumulation of Jacob has a drastic negative effect on synapto-dendritic architecture, whereas
overexpression of extranuclear Jacob leads to an increased number of dendrites and the
formation of PSD-like structures that eventually promote formation of dendritic protrusions
with multiple active synaptic contacts. It could be proposed that Jacob in the nucleus either
blocks an essential nuclear signaling pathway required to prevent the removal of synaptic
input or regulates the expression of genes that will destabilize synapses. On the other hand,
overexpression of extranuclear Jacob triggers the formation of huge PSD-like structures in
neurons suggesting that the presence of Jacob in synapses could be a stabilizing factor for the
synaptic PSD and prevents spine dismantling. Altogether these data suggest that Jacob can be
recruited via Caldendrin binding only in the extensively activated synapse and this
recruitment leads to stabilization of the existing PSD or recruitment of new PSD-proteins and
therefore strengthening of the synapse, whereas less activated synapses could not recruit
Jacob and will be removed by a mechanism that involves the nuclear accumulation of Jacob.
These findings are discussed in the context of homeostatic plasticity mechanisms that must
exist to keep the system functional throughout live.



Introduction

1 Introduction

The human brain contains about 100 billion nerve cells, each forming as many as
thousand connections with other neurons. Alteration in the number and nature of the
interconnections between individual neurons is widely assumed to be the mechanism by
which memory traces are encoded and stored in the central nervous system (Martin, et al.,
2000; Daoudal and Debanne, 2003). Nerve cells communicate with each other through
contact points called synapses. The efficiency of information flow through synapses —
synaptic transmission — determines the activity patterns of neuronal networks. Synapses are
highly dynamic ‘plastic’ structures, and corresponding dynamic changes in the efficiency of
synaptic transmission are thought to represent the physiological basis of learning and
memory (Antonova, 2001; Engert and Bonhoeffer, 1999). Synaptic activity can induce a
variety of changes within postsynaptic neurons, ranging from transient posttranslational
modifications to altered programs of gene expression, and it is thought that synaptic activity
by itself triggers signaling pathways to the nucleus that will eventually control
transcriptional regulation. This indicates that signals generated at the synapse must be
transported to the nucleus, where they are converted into changes in gene expression. First,
a signal from distal synapse must travel along the length of the axon or dendrite to reach the
nucleus and this distance can be extremely large. If translocation of molecules to the
nucleus can be initiated at a single synapse and does not result from the net activity, the
second problem arises: the amount of protein needed in the nucleus to be relevant for gene
transcription is relatively high as compared to protein concentration in single dendritic
spines (Deisseroth et al., 2003). Moreover, the translocation to the nucleus would dilute this
concentration at least 2000-fold with respect to the much larger nuclear volume (Lodish et
al., 2001). On the other hand, it is assumed that activity-dependent synaptic plasticity is
induced at synapses that originally evoked the activity. This is necessary for the formation
of privileged pathways of activity between appropriate nerve cells during memory
formation. It evokes the next very important questions: which type of gene transcription is
necessary for long-term plasticity processes and how does altered gene expression feed

back to the activated synapses that originally induced it?

1.1 The neuron : structure, dynamics and regulation

Neurons are highly polarized cells with distinct subcellular compartments, including

one or multiple dendritic processes arising from the cell body, and a single, extended axon.
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Introduction

The dendritic tree grows by the addition and elongation of branches. Primary dendrites
emerge from the cell body, and branch to form secondary and then tertiary dendrites.
However, the branching patterns of neurons are not random; rather, they are unique to each
cell type in the central nervous system (CNS) (Jan and Jan, 2003). Neurons with distinct
dendritic morphology typically perform different signal processing and computations for
their particular physiological functions (Euler and Denk, 2001; Hausser and Mel, 2003;
Wong and Ghosh, 2002). Communication between neurons involves synapses formed
between axons of the presynaptic neurons and dendrites of the postsynaptic neurons. The
transmission of the synaptic signal to the soma is affected by the branching pattern of the
dendritic tree, and the striking variations in dendritic morphology in the CNS therefore
have important consequences for neuronal information processing (Hausser et al., 2000).
Thus, a neuron’s dendrite does not develop in isolation but dendrites are surrounded by
neighbouring neurons and glia. The acquisition of a mature dendritic morphology depends
on the coordinated action of a number of different intra- and extracellular factors (Cline,
2001; Gao and Bogert, 2003; Jan and Jan, 2001; McAllister, 2000; Scott and Luo, 2001;
Whitford et al., 2002; Wong and Ghosh, 2002).

One of the most important factors, which influence dendritic remodeling during
development, is neuronal activity (Wong and Wong, 2001; McAllister, 2000; Whitford et
al., 2002), although it is still not known how activity exerts its effects. The timing of
afferent innervation and synapse formation coincides with the period of maximum growth
and dendritic remodeling, and recent studies underscore the importance of afferent activity
in regulating dendritic development (Wong and Ghosh, 2002). However, there are
controversial data about the influence of neuronal activity on dendritic remodeling. Rocha
and Sur (1995) and later Luthi and colleagues (2001) showed that blockade of NMDA
receptors in vivo and in organotypic slice cultures resulted in a more complex arborization
of the dendritic tree and a substantial increase in synapse number. On the other hand, it was
shown that pharmacological blockade of NMDA receptors markedly reduces dendritic
growth in the Xenopus tectum (Rajan and Cline, 1998), in spinal motor neurons (Kalb,
1994) and in the supraoptic nucleus (Chavaleyre et al., 2002). An interesting observation in
this regard was reported by Lohmann and colleagues (2002): they demonstrated that chick
retinal ganglion cells displayed two patterns of spontaneous calcium increases in their
dendrites, one global and the second involving neurotransmitter-mediated local ‘flashes’ of
calcium. By differentially inhibiting these increases, they were able to show that blockade
of local, but not global activity caused rapid dendritic retraction, supporting the idea that

sustained neurotransmitter evoked calcium-mediated signals locally stabilize dendritic
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arbors. A similar observation was made by Vaillant and coworkers (2002) when they found
that in cultured sympathetic neurons activity was sufficient to induce dendrite formation,
and withdrawal of the activity led to complete dendritic retraction.

Although afferent activity can shape dendritic arborizations, it is not well understood how
neurotransmission can locally regulate dendritic structure, allowing or causing retraction of
some processes, but promoting stability and even growth of others. What are the signaling

mechanisms underlying these effects?

1.2 Signaling from synapse to nucleus

Long-lasting structural changes in a dendrite require de novo protein synthesis and

mRNA formation. Accordingly, synaptic activity has to be signaled to the nucleus to
regulate gene transcription. Signals from the cytoplasm to the nucleus can be conveyed in
several different ways (Fig. 1). First, the transcription factor itself can move to the nucleus
upon changes in its phosphorylation state. For example, nuclear factor of activated T-cells
c4 (NFATc4), which is expressed in hippocampal neurons, undergoes a translocation from
the cytosol to the nucleus upon the opening of L-type calcium channels. The translocation
step is dependent upon calcineurin-mediated dephosphorylation of NFATc4, which causes
the unmasking of multiple nuclear localization signals and the active transport of the
transcription factor through the nuclear pore complex (Graef et al., 1999).
Second, some transcriptional regulators are modulated by directly sensing calcium-levels
that can arise in the nucleus after neuronal excitation (Lipscombe et al., 1988). The
transcription factor downstream regulatory element antagonistic modulator (DREAM), a
calcium-binding protein that contains three active calcium-binding motifs (EF-hands)
(Carrion et al., 1999; Osawa et al., 2001), is abundant in the nucleus. It has been proposed
that nuclear DREAM remains bound to a downstream regulatory element (DRE) that acts
as a gene silencer when nuclear calcium is low, but dissociates upon elevation of calcium
causing DRE derepression and activation of downstream genes (Carrion et al., 1999).

The other well characterized Ca*"-activated transcriptional event is the synaptic-
activity dependent phosphorylation of the transcription factor Ca®’/cAMP responsive
element binding protein (CREB). In this case, the translocating message is not conveyed by
free Ca*"-moving from the ion channels to the nucleus, or by the transcription factor CREB
by itself, but by Ca’"-dependent activation of signaling cascades. In fact, CREB remains

constitutively bound to CRE (Ca*"/cAMP responsive element) regulatory sites controlling
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Fig. 1 Signaling from the membrane to the nucleus: multiple strategies for information
transfer. A snapshot image of the early stages (0—5 min) of activity-dependent gene expression.
Following rises in intracellular calcium (Ca’"), DREAM dissociates from DNA resulting in the
lifting of transcriptional repression. Within seconds of calcium entry through L-type calcium
channels and NMDA receptors, CaM translocates to the nucleus, supporting CREB phosphorylation
through activation of CaMKIV. Nearly as rapid, NFATc4 also undergoes translocation to the
nucleus following its dephosphorylation by calcineurin (CaN) (from ref. Deisseroth et al., 2003).

target genes, and becomes activated by phosphorylation on its Ser-133 residue. A fast
Calmodulin (CaM) -dependent kinase cascade and a slow mitogen-activated protein kinase
(MAPK) cascade (likely to be cAMP-modulated) converge on Ser-133 following surface
membrane depolarization and calcium influx, and work together to promote CREB-
dependent gene expression (West et al., 2002; Wu et al., 2001a).

There are many signaling molecules that mediate the transduction of synaptic
signals to transcriptional regulation in the nucleus at different levels, but calcium seems to
be a key component of synapse-to-nucleus communication. Calcium levels can be altered
locally in neurons in several ways. First, NMDA receptors, AMPA receptors (AMPARSs)
and neuronal nicotinic cholinergic receptors (nAChRs) are permeable to calcium. Second,
the opening of voltage-gated calcium channels (VGCC) in response to membrane
depolarization leads to an influx of calcium from the extracellular environment. Third,
calcium is released from intracellular stores by the binding of inositol-1,4,5-triphosphate
(Ins(1,4,5)P3) and ryanodine, or by calcium-induced calcium release (CICR) from the

endoplasmic reticulum. The endoplasmic reticulum is present in dendritic shafts and spines,
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and it is strategically positioned adjacent to the plasmalemma to sense local changes in the
environment (Berridge 1998; Bootman et al., 2001; Spacek and Harris 1997).

The influx of calcium through different types of channels differs in its ability to
activate gene transcription (Bading, 1993). Calcium influx through L-type VGCCs and
NMDA receptors in particular is tightly coupled to CREB activation. The localized
elevation of calcium just beneath sites of calcium entry is sufficient to trigger the
phosphorylation of CREB at Ser-133 even when the global cytoplasmic calcium rise is
blocked, consistent with the hypothesis that signaling pathways are activated close to or at
calcium channels (Deisseroth et al., 1996, 2003; Dolmetsch et al., 2001; West et al., 2002).
Interestingly, rise of intracellular calcium-levels from other sources like intracellular
calcium-stores or P/Q- and N-type calcium-channels are ineffective to trigger the crucial
phosphorylation of CREB at Ser-133.

The special role of the NMDA receptor and the L-type channel may be attributable
to their selective ability to directly bind CaM and therefore, recruit CaM signaling
(Deisseroth et.al., 1998), both are also specifically localized at or near synapses, in which
additional pools of CaM are present for recruitment. Therefore, either or both mechanisms
may underlie the selective ability of these channels to initiate locally Ca**/CaM-activated
MAP kinase signaling or fast CaM-dependent kinase cascade converging on Ser-133 of
CREB in the cell nuclei (Deisseroth et al., 1998; Dolmetsch et al., 2001; Mermelstein et al.,
2001; Hardingham et al., 2001a; Wu et al., 2001a, b). All these studies indicate that
channel-associated signaling complex might have a key role in mediating the selective

activation on gene-transcription programs in response to calcium influx.

1.3 The calcium-binding protein Caldendrin and its binding partner Jacob

CaM is the prototype of a ubiquitously expressed calcium-sensor protein. In its
calcium-bound state it alters the properties of several other proteins and signaling cascades
that have been implicated in diverse functions (Berridge, 1998; Ikura, 1996). However, a
large variety of other EF-hand proteins have been identified, among them neuronal
calcium-sensor (NCS) proteins, which are present exclusively in neurons and are therefore
supposed to serve more specific functions in neuronal cells (Braunewell and Gundelfinger,
1999; Burgoyne and Weiss, 2001; Burgoyne et al., 2004).

One of these NCS proteins is the exclusively neuronal EF-hand protein Caldendrin

(also termed CaBP1) (Seidenbecher et al., 1998; Haeseleer et al., 2000). Caldendrin is the
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closest relative of CaM in brain. It contains in its C-terminal half four EF-hand sequence
motifs, the second of which is cryptic and incapable to bind calcium (Fig. 2) (Seidenbecher
et al., 1998, 2002). This non-functional EF-hand of Caldendrin is highly conserved in
different species during vertebrate evolution. The unique N-terminal half of Caldendrin

exhibits no similarity to other known proteins (Seidenbecher et al., 1998).

cryptic EF-Hand
N P9 0 00 O : c
Caldendrin

EF1 EF2 EF3 EF4 Calmodulin

helix-loop-helix motif

Fig. 2 Schematic illustration of the Caldendrin and Calmodulin primary structures.

Schematic drawing of the Caldendrin (top) and Calmodulin (bottom) domain organisation.
Phosphorylation sites (ellipses with ‘P’), functional (blue rectangles) and non-functional (orange
rectangle) EF-hands are depicted.

Caldendrin is tightly associated with the cortical cytoskeleton and the PSD fraction
of synaptic proteins. It is, however, only present in a subset of synapses and seems to be
exclusively associated with the somatodendritic cytoskeleton of mature principal neurons in
brain regions with a laminar organization (Seidenbecher et al., 1998; Laube et al., 2002). As
Caldendrin has evolved relatively late during vertebrate evolution (Seidenbecher et al.,
2002) and because of its unique features Caldendrin might exert distinct cellular functions
associated with specific requirements for somato-dendritic calcium signaling of principal
neurons. In search for Caldendrin binding partners, a novel brain-specific protein, termed
Jacob (Fig. 3), was identified using a Yeast-2-Hybrid-Assay (by Dr. Michael R. Kreutz).

The Jacob gene displays a complex organization with 16 exons, most of which are
smaller than 120 bp and separated by relatively small introns (Daniela Dieterich, Ph.D.
thesis, 2003). Different splice variants were identified resulting in different Jacob isoforms
with different molecular weights. Sequence alignment of human, rat and murine Jacob
revealed a high degree of conservation between these species (98% identity at the amino
acid level between rat and mouse; 95% rat or mouse versus human). Searches in public
databases of lower vertebrates, Drosophila, Caenorhabditis elegans, Escherichia coli, yeast
and plants did not reveal any significant sequence similarities suggesting that Jacob has

appeared late during evolution.
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Fig. 3 Schematic illustration of the Jacob primary structure.

Schematic drawing of the protein (bottom) encoded by the Jacob cDNA (top). N-myristoylation
motif, bipartite nuclear localization signal (NLS), central a-helical region and phosphorylation sites
are depicted.

In situ hybridization experiments revealed a strikingly restricted expression of Jacob
transcripts in the limbic brain and cortical areas similar to that of Caldendrin (Laube et al.,
2002). The highest levels of Jacob mRNA are present in cerebral cortex, hippocampus,
olfactory bulb, thalamus and amygdala and this distribution almost identical for all splice
variants of Jacob (Daniela Dieterich, Ph.D. thesis, 2003). The distribution of the Jacob
protein revealed a similar pattern as the in situ hybridization studies: Jacob is abundant in
cortex and limbic brain structures including amygdala, thalamus and hippocampus. At the
cellular level, particularly intense staining was observed in the somato-dendritic
compartment of pyramidal cells in cortex and hippocampus. Jacob and Caldendrin
distribution demonstrate significant overlap in dendritic processes and spines (Laube et al.,
2002; Seidenbecher et al., 1998; Daniela Dieterich, Ph.D. thesis, 2003).

Moreover, Jacob and Caldendrin were only present in a subset of ProSAP2/Shank3-positive
synapses (Daniela Dieterich, Ph.D. thesis, 2003). In contrast to Caldendrin, intense Jacob
immunoreactivity (IR) was also seen in neuronal nuclei. Moreover, it was found that Jacob
translocates to the nucleus in response to NMDA receptor activation. Jacob IR increases
significantly in neuronal nuclei within 30 min after NMDA receptor activation with highest
levels following 2h. Nuclear Jacob IR returned to control levels within 4h. No recruitment
of Caldendrin to the nucleus was observed (Daniela Dieterich, Ph.D. thesis, 2003). Due to
this synapto-nuclear localization and the NMDA-receptor-activation driven nuclear import,

Jacob is well suited for the coupling of signals from excitatory synapses to nuclear gene
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transcription, moreover, the time course of Jacob’s nuclear accumulation is in favor for a
role in the regulation of gene transcription that could be responsible for the induction of
protein synthesis underlying neuronal plasticity processes (Bading, 2000).

Analysis of the primary structure of Jacob revealed a putative myristoylation motif
at the N-terminus end of the protein (Daniela Dieterich, Ph.D. thesis, 2003). Myristoylation
is a post-translation modification by which myristic acid is covalently attached to the
amino-group of an N-terminal glycine residue. It can loosely tether the modified protein to
the plasma membrane, endoplasmatic reticulum, mitochondrion or other membrane systems
(Resh, 1999). Jacob also harbors a bipartite nuclear localization signal in the middle part of
the protein (between amino acids 250-265). A nuclear localization signal is a short stretch
of amino acids that mediates the transport of nuclear proteins into the nucleus, which is
necessary for the active import through the nuclear pore complex (Boulikas, 1993).
Therefore, the presence of both of these motifs - myristoylation and nuclear localization —
can play a very important role in protein subcellular localization.

To prove this possibility regarding two Jacob mutants were generated: a deletion
mutant in which the six basic amino acid residues between 247-252 were deleted (ANLS-
Jacob-GFP); and second, a construct in which the crucial glycine at position 2 was mutated
to an alanine (AMyr-Jacob-GFP). Expression of ANLS-Jacob-GFP in COS7 cells led to an
extranuclear localization of the mutant protein; in opposite, expression of AMyr-Jacob-GFP
construct led to an exclusive nuclear localization of the mutant protein. In support of the
view that the bipartite NLS is responsible for the nuclear import of Jacob we also found that
the cellular localization of the double mutant ANLS/AMyr-Jacob-GFP is extranuclear in
COS7 cells (Daniela Dieterich, Ph.D. thesis, 2003). It was shown previously, that the
central part of Jacob containing the NLS is the Caldendrin binding region and that
Caldendrin interacts with Jacob in a calcium-dependent manner and this interaction can not
be competed by CaM (Daniela Dieterich, Ph.D. thesis, 2003). Therefore, binding of
Caldendrin to Jacob can be predicted to reduce or inhibit the accessibility of the Jacob’s
NLS possibly mediate its association with the dendritic and synaptic cytoskeleton. Since,
Jacob binds Caldendrin only in the presence of elevated calcium-levels, increased synaptic
activation and the presence or absence of Caldendrin in the respective synapto-dendritic
compartment could be important factor controlling Jacob’s subcellular localization.
Therefore, the Caldendrin-Jacob interaction might play an important role in the
transformation of dendritic calcium-signals into morphogenetic signals for the synapto-

dendritic cytoarchitecture.
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1.4 Aims of the work

Calcium is the pivotal messenger coupling synaptic activity to nuclear gene
transcription and calcium-dependent signaling from the synapses to the nucleus can result
in long-lasting changes of synaptic inputs and dendritic cytoarchitecture. However, the
mechanisms that underlie calcium-dependent synapse-to-nucleus communication remain
unclear. Therefore, the major aim of the study was to investigate the possible role of Jacob
in the signaling processes underlying activity-dependent nuclear gene transcription
involved in structural remodeling of synapto-dendritic cytoarchitecture and therefore
determine the new synapse-to-nucleus pathway that underlying long-lasting synapto-
dendritic remodeling. Since, Jacob was found in synapto-dendritic compartments and also
in neuronal nuclei, the first step was to investigate physiological consequences of the
nuclear and extranuclear localization of Jacob. For this purpose primary neuronal cultures
were transfected with different mutants and wt-Jacob cDNA. Since, Jacob is recruited to the
nucleus in response to NMDA receptor activation (Daniela Dieterich, Ph.D. thesis, 2003), a
pharmacological approach was used to investigate the effect of endogenous Jacob
redistribution after NMDA receptor activation on synaptogenesis in primary hippocampal

neurons.
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2 Materials and Methods

2.1 Materials

2.1.1 Chemicals

All chemicals were obtained from Roche, Calbiochem, Clontech, Gibco Life Technologies,

Invitrogen, Merck, Roth, Serva and Sigma-Aldrich. Special chemicals and solutions

utilized are detailed in the corresponding method descriptions. Solutions were prepared

with water purified on a Milli-Q® System, Millipore.

2.1.2 Antibody

2.1.2.1 Primary Antibody

Table 1 Primary antibodies used.

Antibody Species Dilution Firm/Manufacturer
anti-MAP2 mouse, monoclonal IF: 1:500 Sigma
anti-GFP (rb290) rabbit, polyclonal IF: 1:2000 Abcam
anti-Bassoon mouse, monoclonal IF: 1:1000 Dr. W. Altrock
(mAB7f)
anti-Bassoon rabbit, polyclonal IF: 1:1000 Dr. W. Altrock
(sap7f)
anti-JB 150 rabbit, polyclonal IF: 1:200 Dr. Pineda antibody-
service/
Dipl.-Biochem.
B.Hoffman, Dr. C.1I.
Seidenbecher
anti-NMDAR 2a rabbit, polyclonal IF: 1:500 Chemicon
anti-NMDAR 2b rabbit, polyclonal IF: 1:500 Chemicon
anti-GluR 2 mouse, monoclonal IF: 1:500 Chemicon
anti-ProSAP2 guinea pig, IF: 1:1000 Bockmann et al., 2002,
polyclonal J Neurochem
anti-PSD95 mouse, monoclonal IF: 1:1000 clone K28/43 Upstate
anti-pCREB rabbit, polyclonal IF: 1:500 Upstate
2.1.2.2 Secondary Antibody
Table 2 Secondary antibodies used.
Antibody Species Dilution Firm/
Manufacturer
anti-mouse IgG, Alexa Fluor™ goat 1:1000 Molecular
488/568-conjugated Probes
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anti-rabbit IgG, Alexa Fluor™ goat 1:1000 Molecular
488/568- conjugated Probes
anti-guinea pig IgG, Alexa goat 1:1000 Molecular
Fluor™ 488/568- conjugated Probes
anti-mouse IgG, Cy5™- goat 1:500 Molecular
conjugated Probes
anti-rabbit IgG, Cy5™- goat 1:500 Dianova
conjugated

anti-guinea pig IgG, Cy5™- goat 1:500 Dianova
conjugated

2.1.3 Bacterial Nutrient Mediums

Table 2 Media used for growth of bacteria. All media were autoclaved at 121°C for 15 min.

LB-medium 5 g/l yeast-extract, 10 g/l Bacto-Trypton, 5 g/l NaCl

LB-plate 1000 ml LB-medium, 15 g agar

SOC-medium 20 g/l Bacto-Trypton, 5 g/l yeast-extract, 10 mM NaCl,
2,5 mM KCI, 10 mM Mg,SO4, 10 mM MgCl,, 20 mM
glucose

2.1.4 Expression constructs

Table 3 Vectors and constructs used in the present study. Rat Jacob (¢cDNA accession number:
AJ293697); rat Caldendrin (cDNA accession number: CAD20347).

Construct (Name) Amino acids Vectors
wt-Jacob-GFP 1-532 pEGFP-N
ANLS-Jacob-GFP 1-247 + 252-532 pEGFP-N
AMyr-Jacob-GFP 1-532 mutation G2A pEGFP-N
AMyr/ANLS-Jacob- mutation G2A; 1-247 + 252- pEGFP-N
GFP 532
Aexon9-Jacob-GFP 1-339 pEGFP-N
C-term-Jacob-GFP 238-532 pEGFP-N
wt-Caldendrin-GFP 1-298 pEGFP-N
AMyr/Aexon9-Jacob- mutation G2A; 1-339 pEGFP-N
GFP
siRNA-pRNAt-GFP pRNAT-
H1.1/Hygro

2.1.5 Cell strains

Table 4 Cell strains used in the present work.

Bacteria E. coli XL1-Blue MRF’ (Stratagene)

2.1.6 Animals

Rats (Rattus Rattus norvegicus) from the strain Wistar, bred in the Leibniz Institute for
Neurobiology, were used for the biochemistry assays and for the preparation of primary

neuronal cultures.
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2.2 Methods

2.2.1 Molecular biological methods

All molecular biological methods used during the work correspond to standard protocols
described by Ausubel et al. (1999) and are outlined in this chapter. All modifications in the

standard protocols are described in detail.

2.2.1.1 Polvmerase chain reaction (PCR)

PfuTurbo® DNA Polymerase: Stratagene
Oligonucleotide (Primer): Invitrogen
Deoxynucleoside triphosphate (NTPs): Roche

PCR was used for amplification of specific segments of DNA and insertions of restriction
sites at the termini of the amplified fragments for further subcloning. Primers that were
used in the PCR are listed in Table 5. A reaction mixture (25 pl) included 10-25 ng
plasmid-DNA as a template (or DNA which was extracted with Phenol/Chloroform from a
chromatin-immunoprecipitate), 10 pM of each primer (forward and reverse) (or
hexanucleotide primers), ImM desoxynucleotidephosphate d(A, C, G, T)TPs, 10 times
concentrated reactions buffer, 0,25 U thermostable PfuTurbo®-DNA-Polymerase. Heating
reaction tubes to 95°C for 5 min to denature the double-stranded DNA always preceded
PCR temperature cycles. 30-40 cycles were done as following: a) DNA denaturanion (45
sec-1 min 95°C); b) primer annealing to their complementary sequences in the target DNA

(45 sec-1 min 55-60°C); c) extension (2-3 min 72°C).

Table S Primers used to clone C-term-Jacob. Underlined sequences correspond to restriction sites
used for cloning.

Name Position Primer Sequence (5°— 3’) Restriction
sense site
816-836 forward GCGCGAATTCATG EcoRlI
C-term- TTCCAGACGGCAA
Jacob CCACAACT
1707- reverse GCGCGGATCCCAG BamHI
1730 GACGTCATCAAAG
TCCAGCAG
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2.2.1.2 DNA Restriction

Restriction enzymes: New England Biolabs, Gibco, Roche

Restriction enzymes (EcoRI, BamHI) were used for digestion of DNA-fragment or plasmid
DNA in ratio: 1 U per 1 pg DNA. The reaction mixture was incubated for 1 hour at

recommended temperature (37°C).

2.2.1.3 Agarose-Gel electrophoresis and DNA Elution

Agarose: UltraPure, Gibco

50 x TAE buffer: 2 M Tris-Acetat, 0.05S M EDTA

Ethidium bromid solution: 1 mg/ml, Roth

6x DNA-loading buffer: 30 % (volume %) Glycerol, 0.25 % (weight %)
Xylencyanol: 50 mM EDTA, pH 8.0

DNA Molecular Weight Markers: MBI Fermentas

QIAEX II Gel Extraction Kit: Qiagen

GENECLEAN I1, BIO 101: Q-Biogene

Agarose gel electrophoresis was used to control the size and purity of DNA fragments. 1 %
(volume to weight) agarose gel for high size DNA fragment (0.5 -10 kb) was prepared. For
this purpose 1 x TAE buffer and agarose were mixed by melting in a microwave oven, 0.5
ug/ml ethidium bromide was added to facilitate visualization of DNA fragments during the
run. The desired DNA fragments were cut out from the gel with a scalpel under UV-light
and then eluted and purified using GENECLEAN II Gel Extraction Kit for fragments less
than 6kb and using QIAEX II for bigger fragments.

2.2.1.4 Subcloning of DNA fragments

T4-DNA-Ligase: Promega
T4-DNA-Ligase Buffer Promega

For subcloning plasmid vector and DNA fragments were cleaved with appropriate
endonucleases. Then the desired DNA segments were isolated by agarose gel
electrophoresis and purified. T4-DNA-ligase was used for ligation in a concentration 1 U
per 10 pul reaction mixture. The reaction mixture was incubated at 23°C for 3 hours and then

overnight at 16°C.
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2.2.1.5 Bacteria transformation

Electroporation cavity: 0,2 cm electrode distance (Equibio)

Electrocompetent E.coli bacteria prepared according to Sambrook et al., (1989) were
transformed with plasmid-DNA, than plated on LB agar plate containing appropriate

antibiotics and incubated over night at 37°C.

2.2.1.6 Plasmid DNA preparation (Mini- and Maxi-preparation)

P1 buffer: 50mM Tris-HCI, pH 8.0, 10 mM EDTA, 100 pg/ml RNase A
P2 buffer: 200 mM NaOH, 1% (weight %) SDS
P3 buffer: 3 M Potassium acetate, pH 5.5

EndoFree Plasmid Maxi Kit: Qiagen

DNA mini-preparations were used to select positive transformants. Each single colony was
cultured for 16 hours in 2 ml LB-medium containing the appropriate selective antibiotic.
Then the bacterial cells were harvested by centrifugation, resuspended in 300 pl P1 buffer,
lysed by 300 pul P2 buffer for 5 min and neutralized by 300 pl chilled P3 buffer. After 5 min
incubation samples were centrifuged (14000 x g, 7 min) and then washed with 70 %-
ethanol (vol. %), air dried and redissolved in 50ul water. Plasmid DNA purification for the
transfection of the hippocampal primary cultures was carried out with material supplied by
the EndoFree Plasmid Maxi Kit and was performed according to the recommendations of

the manufacturer.

2.2.1.7 DNA Sequencing

To check for possible mutations during PCR and subcloning all used DNA constructs were
sequenced by SEQLAB Company (Gottingen). Sequence alignment of cloned DNA
fragments was done using computer program ‘Basic Local Alignment Search Tool’

(BLAST; NCBI: http://www.ncbi.nlm.nih.gov/BLAST/).

2.2.2 Cell culture

2.2.2.1 Hippocampal primary cell culture preparation

Medium 1: DMEM, 10% fetal calf serum, 2 mM
L-glutamine, 100 U/ml Penecillin, 100 pg/ml Streptomycin
Medium 2: Neurobasal™, 1 x B27 (Gibco), 100 U/ml Penecillin,
100 pg/ml Streptomycin, 0,5 mM L-glutamine
Trypsin: 0,1% in HBSS
Dnase I: (Roche) 0,01% (200U) in HBSS, 2,4 mM MgSO,
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Hippocampal primary cultures were prepared according to Goslin and Banker (1998) with
some modifications (Dresbach et al., 2003). Rat embryos E19 were decapitated and the
hippocampi were taken out and collected in chilled HBSS. The hippocampi were washed 3
times with HBSS, and then trypsinated for 20 min at 37°C. After 5 washing steps with
HBSS, hippocampi were treated with DNase I and passed 3 times through a needle with a
width of 0.9 mm x 40 mm and 3 times through needle with a width of 0,43 mm x 23 mm.
The cell solution was poured through nylon net with an aperture size of 125 um to remove
larger cell groups. The neurons were plated onto poly-D-lysine-coated glass coverslips in
24-well-plates in Medium 1. Twenty-four hours after plating, Medium 1 was exchanged for
Medium 2. The cell cultures were kept in a humidified 95% air, 5% CO, incubator

(Heraeus).

2.2.2.2 Transfection of hippocampal primary cultures

Opti-MEM: (Gibco)
Lipofectamine'" 2000: (Invitrogen™™)
Medium 3: Neurobasal™, 1 x B27 (Gibco), 0.5 mM L-glutamine

For all transfection experiments medium density hippocampal primary cultures (40,000
cells/coverslip) were used 11 to 13 days after plating. The cells were transfected using
Lipofectamine 2000 according to the manufacturer’s instructions. Prior to transfection
growth medium was exchanged for 1 ml Medium 3. To prepare the transfection mix,
Lipofectamine 2000 was diluted in Opti-MEM (1l Lipofectamine 2000 + 50ul Opti-MEM
per 1 well) and after 5 min incubation at room temperature mixed with diluted DNA (1pg
DNA + 50ul Opti-MEM per 1 well). The resulting mix was incubated for 20 min at room
temperature; 100 pl of the mix was then added per well, and neurons were placed in the
incubator for 4h. Medium was then exchanged for 500 pl 37°C prewarmed Medium 2 and

the cells were kept in the incubator until fixation.

2.2.2.3 Stimulation of the primary hippocampal cultures

1 x ON: 20mM Na-HEPES, pH 7.4, 15 mM MgHCl,,
1.5 mM CacCl,, 135 mM NacCl, SmM KCl,
6 g/l glucose

NMDA-stock solution: 100 mM in H,O

Actinomycin D-stock solution: 20 mg/ml in DMSO

MK-801 (Sigma) stock solution: 10mM in H,O

4-AP (Sigma) stock solution: 1M in H,0O

Bicuculline methiodide (Tocris)

stock solution: 10 mM in H,O

DAPI (Sigma) stock solution: 1 mg/ml in H,O
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PI (Sigma) stock solution: 1.25 mM in H,0

Cultured hippocampal cells were preincubated for at least 10 min at 37°C in 1 x ON buffer
before all stimulation experiments and 1 x ON buffer was used for all washing steps and
chemical dilutions. Then cells were stimulated with NMDA (final concentration, 50 or 100
uM) and washed 3 times. Gene transcription inhibitor actinomycin D (final concentration,
10 pg/ml) was added 30 min before NMDA stimulation. Then cells were kept in 1 x ON
buffer with or without actinomycin D in the incubator until fixation.

For stimulation of synaptic NMDA receptors primary hippocampal cultures were
simultaneously treated with 50 uM bicuculline and 2.5 mM 4-aminopyridine (4-AP) for 30
min. For activation of extrasynaptic fraction of NMDA receptors synaptic NMDA receptors
were selectively inactivated using 5 uM MK-801 in conjunction with bicuculline and 4-AP.
After 30 min the cultures were washed 3 times and extrasynaptic NMDA receptors were
then activated by 100 uM NMDA for 3 min and kept in the incubator until fixation. Cell
viability was determined by nuclei staining with 100 ng/ml 4’ ,6-diamidino-2-phenylindole
(DAPI) and propidium iodide (PI) (10 uM), respectively. After 30 min incubation with
DAPI and PI neurons were fixed and the ratio between dead and total number of cells was

determined.

2.2.2.4 Immunocyvtochemistry

Blocking solution: 10 mM PBS, 10% (volume %) horse serum, 5% (weight %)
sucrose, 2% (weight %) BSA, 0.3% (vol.%) Triton X-100
Mowiol: 10% (weight %) mowiol, 25% (volume %) glycerol, 100mM

Tris-HCI, pH 8.5, 2.5% (weight %) DABCO
VectaShield + propidium iodide: (Vector)

VectaShield + DAPI: (Vector)
ApopTag ® Red Apoptosis
Detection Kit (Chemicon)

Cells were fixed for 10 min with 4% paraformaldehyde (PFA) or for 20 min with 100%
methanol at -20°C. In case of methanol fixation after washing with PBS, cells were re-
hydrated in PBS for 50 min. After fixation cells were incubated in blocking solution for 30
min at RT. The primary antibodies were diluted in blocking solution and incubated
overnight at 4°C. After washing (3x 10 min PBS) cells were incubated with secondary
fluorescent antibodies (diluted in blocking solution) for 2 h at RT, washed again (3x 10 min
PBS) and embedded in Mowiol or VectaShield mounting medium with propidium iodide or
DAPI for nuclear staining.

To determine the number of apoptotic cells neurons were fixed in 2% PFA and then stained

by using the ApopTag® Red Apoptosis Detection Kit: the DNA strand breaks were detected
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by enzymatically labeling the free OH termini with modified (digoxigenin conjugated)
nucleotides. Incorporated digoxigenin-dNTPs then were detected by using anti-digoxigenin

conjugated-rhodamine antibodies.

2.2.2.5 Sample preparation for scanning electron microscopy (SEM)

SEM experiments were performed in collaboration with Dr. Heiner Sann, from the Special
laboratory for electron- and laserscanning microscopy, at the Leibniz Institute for
Neurobiology, Magdeburg. For SEM analysis hippocampal primary neurons were fixed in a
solution of 1% glutaraldehyde in 20 mM PBS for 30 min for visualizing the morphology of
the cells; for PSDs quantification neurons were fixed with 4% PFA for 10 min and
immunostained as described above (2.2.3.4) and the region of interest was scanned with
confocal laser scanning microscope (see 2.4). Then samples were dehydrated in solutions of
increasing ethanol concentration, and critical-point dried and sputtered with a thin layer of

gold. Digital images were made at 4 kV using a DSM 942 Zeiss SEM.

2.2.3 Imaging and Quantification

Images were viewed using a Zeiss axioplan microscope equipped with a Spot RT camera
(Visitron Systems) or with a confocal laser scanning microscope (Leica TCS 4D, Leica
Bensheim, Germany) equipped with a Krypton-Argon-Ion laser (488/568/647 nm). To
exclude bleeding of the dyes across channels all images were scanned sequentially. Labeled
transfected neurons were chosen randomly for quantification from two to six coverslips
from two to four independent experiments for each construct. Changes in fluorescence
intensity level were quantified from averaged confocal image stacks acquired using ImageJ
software in the regions of interest. The number of neurons used for quantification is
indicated in the figure legends. Statistical significance was determined by Student’s t-test.
Data are presented as mean + SE. A level of p<0.05 was considered statistically significant.

p<0.1; **p<0.01; *** p<0.001.
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3 Results

3.1 Myvristoylation and NLS motifs are crucial for the subcellular localization of Jacob

Jacob harbors at its N-terminus a myristoylation motif and a bipartite nuclear
localization signal in its central a-helical region. Myristoylation at the N-terminus of
proteins serves as a lipid anchor to membranes (Resh, 1999), whereas nuclear localization
signals are crucial for the protein transport into the cell nucleus (Boulikas, 1993). Therefore
the presence of both motifs can potentially play an important role for Jacob’s subcellular
localization. In fact, transient transfection of COS-7 cells with the Jacob deletion mutant
construct of a protein lacking the nuclear localization signal (ANLS-Jacob-GFP) leads to an
exclusive extranuclear localization of overexpressed Jacob protein. In contrast, a
myristoylation mutant, AMyr-Jacob-GFP, in which the crucial glycine at position 2 was
mutated to an alanine, showed an exclusive nuclear accumulation in transfected COS-7

cells (unpublished data from Dr. Michael R. Kreutz).

(-helical
«—>
[T I | Wild-type-Jacob-GFP

[T | | AMyr-Jacob-GFP
I I | | AMyr-A NLS-Jacob-GFP

HJJ“FA I I I ] A NLS-Jacob-GFP
[
[

MM N-miyristoylation motif
[ central a-helical region

| bipartite nuclear localization signal

[ ] GFP

Fig. 4 Schematic representation of the Jacob cDNA constructs.
N-myristoylation motif, bipartite nuclear localization signal (NLS), central a-helical region are
depicted. Green lines represent the GFP-tag.

To check whether the presence of the N-myristoylation motif and the nuclear localization
signal also plays a crucial role in Jacob’s subcellular localization in mature hippocampal
neurons, neuronal cultures were transfected with different Jacob mutants at day in vitro 11
(Fig. 4).

Already 6 hours following transfection, expression of all used constructs was clearly

visible. Transfected neurons were fixed 6, 12 and 24 hours after transfection and their
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Fig. 5 Subcellular localization of different GFP-tagged Jacob mutants in transfected primary
hippocampal neurons. DIV-11 primary hippocampal neurons were transfected with different
Jacob-GFP constructs (as indicated to the left) or with pEGFP-vector without insert (control) and
fixed 6 hours after transfection. Transfected neurons were immunolabeled for MAP2 (red in merge)
to confirm their neuronal identity. Scale bar: 50 um.

neuronal identity was confirmed by immunofluorescence staining for Microtubule-
associated protein 2 (MAP2).

After overexpression, wt-Jacob-GFP filled the whole cytoplasm and was also
present in the cell nuclei similar to the control GFP protein (Fig. 5). Transfection of
neuronal cells with the AMyr-Jacob-GFP construct led to an exclusive nuclear localization
of the mutant protein. In contrast, overexpression of ANLS-Jacob-GFP resulted in an
extranuclear localization of the protein. Interestingly, in 70% of cells transfected with
ANLS-Jacob-GFP the mutant protein diffusely filled the whole cell cytoplasm, whereas in
30% of the cells the overexpressed protein was concentrated in huge protrusions disposed
around the cell body and along dendrites (Fig. 5).

These data indicate that the NLS is essential for nuclear import of Jacob whereas N-
myristoylation seems to be crucial for its extranuclear localization. In support of this view it
was also found that the cellular localization of the double mutant AMyr-ANLS-Jacob-GFP

was exclusively extranuclear in transfected hippocampal neurons (Fig. 5).

3.2 Jacob affects the synapto-dendritic cytoarchitecture

3.2.1 Extranuclear and nuclear Jacob have different effects on dendritic

cytoarchitecture

To elucidate the functional consequences of the nuclear and extranuclear
localization of Jacob, hippocampal primary neurons were transfected with different mutants
(ANLS-Jacob-GFP, AMyr-Jacob-GFP) and wild-type Jacob cDNA constructs. Neurons
transfected with GFP vector without insert were used as a control (Fig. 6). Morphological
analysis of the transfected hippocampal neurons was done at 6, 12, and 24 hours after
transfection. Immunofluorescence staining against the dendrite-specific cytoskeletal protein
MAP2 was used for visualizing of the dendritic processes. To analyze the dendritic
topology all MAP2-immunopositive neurites outgoing from the cell soma and all visible
branch points were quantified (Fig. 6 II-A, B). The percentage of neurites that are longer

than 25 or 50 um was quantified to estimate a possible effect of Jacob-mutants
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Fig. 6 Overexpression of different Jacob cDNA constructs leads to drastic changes in dendritic
cytoarchitecture in primary hippocampal neurons.

Primary hippocampal neurons after 11 DIV were transfected with different Jacob-GFP constructs or
with pEGFP-vector without insert (control) and fixed 6, 12 and 24 hours after transfection.
Dendritic morphology was assessed by immunostaining with anti-MAP2 antibody.

I. Micrographs depicting MAP2 labeled (red in merge) hippocampal neurons 24 hours after
transfection with different Jacob-constructs (as indicated to the left). Scale bar: 50 um.

I1. Morphological analysis of primary neurons after Jacob overexpression in primary hippocampal
neurons. Diagram (A) represents quantification of MAP2-immunopositiv neurites outgoing from the
cell soma. Neurons transfected with wt-Jacob-GFP (light-gray columns) showed significant increase
in neurite number in comparison to GFP-control neurons (white columns) already 6 hours after
transfection. Aexon9-Jacob-GFP (dark-gray columns) and ANLS-Jacob-GFP (latticed columns)
overexpression also cause an increase in neurites number, whereas neurons transfected with AMyr-
Jacob-GFP (black columns) and AMyr-Aexon9-Jacob-GFP (hatched columns) have significantly
less neurites than GFP transfected neurons.

Diagram (B) shows a quantification of dendritic complexity by determination of the average
number of dendritic branch points for each MAP2-immunopositive dendrite (dendrite arborization
index). wt-Jacob-GFP, Aexon9-Jacob-GFP and ANLS-Jacob-GFP overexpression resulted in drastic
simplification of the dendritic tree already 6 h following transfection. Statistically significant
decreases of the dendrite arborization index were observed after 24 h in AMyr-Jacob-GFP and
AMyr-Aexon9-Jacob-GFP transfected neurons. (C, D) Neurons transfected with different Jacob
cDNA constructs have shorter dendritic processes. Neurons transfected with different Jacob-
mutants have significantly less neurites which are longer than 50 um (C) or longer than 25 um (D)
in comparison to GFP-transfected neurons. Quantification was done 24 h after transfection. Data are
presented as a mean = SEM. * p< 0,1; **p< 0,01; *** p< 0,001. 50 neurons were quantified per
each time point in each group.

overexpression on dendritic length (Fig. 6, II-C, D). All transfected neurons survived for at
least 48 hours after transfection.

Overexpression of Jacob mutants resulted in drastic changes in dendritic
cytoarchitecture in primary hippocampal neurons (Fig. 6). Full-length Jacob-GFP
overexpression led to a dramatic increase in neurite number in comparison to GFP
transfected controls. This effect was very rapid and could be observed already 6 hours
following transfection. Another 6 hours later neurons transfected with wt-Jacob-GFP had
already 2.5 times more dendritic protrusions than GFP transfected cells. Moreover, neurons
overexpressing wt-Jacob-GFP protein showed almost 50 % decrease in the neurite
arborisation index and the percentage of neurites which are longer than 50 um. ANLS-
Jacob-GFP overexpression caused similar changes in the dendritic cytoarchitecture though
changes in dendritic number and complexity was not as prominent as in case of wt-Jacob-
GFP overexpression.

Both wt-Jacob-GFP and ANLS-Jacob-GFP proteins localize extranuclearly after
overexpression and cause similar changes in dendritic cytoarchitecture whereas AMyr-
Jacob-GFP protein accumulates exclusively in the cell nuclei and has an opposite effect on

neurite number. Already 6 hours following transfection neurons transfected with AMyr-
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Jacob-GFP had 25% less dendritic processes than control GFP cells, and after 24 hours this
difference was already 75% (Fig. 6, II-A). Therefore, overexpression of AMyr-Jacob-GFP
resulted in retraction of almost all dendritic processes within 24 hours.

Neurites, which were present after 24 hours following transfection were also less complex
and much shorter than in case of GFP-control cells: a 2 times reduction in neurite
arborization index and more than 2 times reduction in percentage of neurites which are
longer than 50 pum and 25 um was visible. These data suggest that the intranuclear

accumulation of Jacob has a strong negative effect on dendritic cytoarchitecture.

3.2.2 Nuclear Jacob has negative effects on the number of synaptic contacts

Dendritic morphology has a profound impact on neuronal information processing.
The overall extent and orientation of dendrites determines the kinds of input a neuron
receive (Whitford et al., 2002; Whong and Ghosh, 2002). On the other hand, changes in
synaptic input and neuronal activity can greatly influence dendritic morphology. However,
there are controversial data about influence of neuronal activity on dendritic remodeling. It
was shown that blocking synaptic activity during development can prevent normal
elaboration of dendritic arbors in spinal motor neurons (Kalb, 1994). Pharmacological
blockade of NMDA receptors also leads to deficits in dendritic growth in the Xenopus optic
tectal neurons (Rajan and Cline, 1998), in the supraoptic nucleus in vivo and in acute slices
(Chavaleyre, et al., 2002). On the other hand, several studies have shown that blockade of
NMDA receptors resulted in a more complex arborization of the dendritic tree and a
substantial increase in synapse number in vivo in visual cortex (Rocha and Sur, 1995) and
in hippocampal (Luthi et al., 2001) and cortical (McAllister et al., 1996) slice cultures.
Thus, changes in synaptic input can greatly influence dendritic morphology, and vice versa
changes in dendritic topology can have important consequences for synaptic transmission.

As it was described in section 3.2.1, Jacob overexpression in primary hippocampal
neurons leads to drastic changes in dendritic morphology. Therefore, it was suggested that
changes in dendritic cytoarchitecture induced by overexpression of different Jacob mutants
can be accompanied by changes in number of synaptic contacts. To answer this question
mature hippocampal neurons (DIV 11) were transfected with different Jacob mutants and
the density of synaptic puncta was analyzed 12 hours after transfection. GFP-transfected
neurons were used as a control. Synapses were visualized using immunocytochemical

staining with the presynaptic marker Bassoon. Bassoon puncta were counted per 50 um
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length of each transfected neuron and 50 different neurons were used for each experimental

group, the synaptic density then was expressed as number of synapses per 10 um.
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Fig. 7 Nuclear accumulation of different Jacob mutants has a differential effect on number of
synaptic contacts.

I. 11-day-old hippocampal neurons were transfected with AMyr-Jacob-GFP (J-L), AMyr-Aexon9-
Jacob-GFP (G-I), C-term-Jacob-GFP (D-F) or GFP-vector without insert (A-C). 12 hours later,
cultures were fixed with 4% PFA and immunostained with anti-MAP2 antibodies to visualize
dendritic processes (blue in the merged displays) and with Bassoon antibodies to visualize synapses
(red in the merged displays). Inserts show higher magnification views. Scale bar: 10 um.

II. Quantification of Bassoon puncta on dendrites of hippocampal neurons after overexpression of
AMyr-Jacob-GFP (black column), AMyr-Aexon9-Jacob-GFP (hatched column), C-term-Jacob-GFP
(gray column) or GFP-vector (white column). Quantification was done 12 h after transfection. Data
are presented as a mean £ SEM. *** p< 0,001. 50 neurons were quantified per each time point in
each group.

Neurons transfected with AMyr-Jacob-GFP mutant showed more than 30% decrease
in density of synaptic puncta in comparison to control cells transfected with GFP (Fig. 7,
I:A-C, J-L; II). Interestingly, this reduction in number of synaptic contacts occurs 12 hours
after transfection and precedes a massive dendritic loss induced by AMyr-Jacob-GFP
overexpression (Fig. 6, II-A), suggesting that stripping of synaptic contacts could contribute
to dendritic retraction.

On the other hand, overexpression of wt-Jacob-GFP or ANLS-Jacob-GFP in
hippocampal neurons had no effect on the number of synapses (data not shown). Note, that
in contrast to wt-Jacob-GFP and ANLS-Jacob-GFP, AMyr-Jacob-GFP accumulates in the
cell nuclei after overexpression. These data suggest that the reduction of synaptic contacts

correlates with the nuclear localization of Jacob.
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3.2.3 The C-terminus of Jacob is dispensable for its effect on synapto-dendritic

cytoarchitecture

As it was shown in section 3.2.1 overexpression of different Jacob mutants in
primary hippocampal neurons have a drastic effect on dendritic cytoarchitecture. Moreover,
nuclear accumulation of Jacob resulted in stripping of synaptic contacts and retraction of
dendritic processes (section 3.2.1; 3.2.2). But the molecular mechanisms underlying Jacob’s
regulation of synaptic number and dendritic growth and retraction needs to be solved. To
answer this question it is required to know which part of Jacob is responsible for its effects
on synapto-dendritic cytoarchitecture.

The Jacob gene displays a complex organization with 16 exons, most of which are
smaller than 120 bp. Alternative splicing generates a multitude of different Jacob isoforms
with different calculated molecular weights. One splice variant lacks exon 9 (Aex9-Jacob),
and the deletion of exon 9 results in a frameshift in the coding sequence with a stop codon
at position 1145-1147 and an open reading frame for a 337 amino acids (Daniela Dieterich,
Ph.D. thesis, 2003). The resulting protein contains the myristoylation motif and NLS but
lack large part of the carboxy-terminus. Therefore, this splice isoform has two motifs,
which are important for subcellular localization of the protein and can potentially function
as a regulator of synapto-dendritic cytoarchitecture. To prove this possibility and answer
the question whether the N-terminal part of Jacob is sufficient for its effects on synapto-
dendritic cytoarchitecture, a Aexon9-Jacob-GFP construct was generated (Fig. 8).
Subsequently, hippocampal neurons were transfected with the Aexon9-Jacob-GFP construct
to prove whether Jacob’s N-terminal part is responsible for its morphogenetic effects. After
overexpression Aexon9-Jacob-GFP showed a distribution pattern very similar to the wt-
Jacob-GFP (Fig. 6), filling the whole cytoplasm, but it was also present in the cell nucleus.
Moreover, Aexon9-Jacob-GFP transfected neurons showed drastic changes in dendritic
cytoarchitecture comparable with changes observed in the case of wt-Jacob-GFP
transfection: numerous short and less complex dendritic processes (Fig. 6; 7).

To investigate the effect of the nuclear accumulation of the N-terminal part of Jacob, a
AMyr-Aexon9-Jacob-GFP construct was generated and transfected into primary
hippocampal neurons. AMyr-Aexon9-Jacob-GFP accumulated exclusively in the nucleus
after transfection and its overexpression resulted in a drastic reduction of dendritic
complexity (Fig. 6; 7; 9). Moreover, the loss dendrites was preceded by stripping of

synaptic contacts, similar to that observed after AMyr-Jacob-GFP overexpression (Fig. 8).
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Fig. 8 Schematic illustration of the Jacob gene structure and different recombinant Jacob
mutants used in this study.

Colored ellipsoids represent different exons (1-10) in schematic drawing of the Jacob gene primary
structure (upper part). The scheme below illustrates different Jacob mutants. N-myristoylation is
depicted in the scheme as a red oval and a star indicates the STOP codon in exon 10, which is due
to a deletion of exon 9 (splice isoform Jacob-Aexon9).

These results suggest that the N-terminal part of Jacob is responsible for its effect on
synapto-dendritic architecture. To directly test whether the C-terminus of Jacob is involved
in the morphogenetic effects, a construct lacking the first 235 amino acids was generated
(C-terminal-Jacob-GFP). This construct includes the entire C-terminal part of Jacob
(exon5-exonl6) and, therefore, harbors the NLS but lacks the myristoylation motif. After
overexpression in hippocampal neurons C-term-Jacob-GFP accumulated exclusively in the
cell nucleus but caused neither dendritic loss nor synaptic stripping (Fig. 8; 9). Neurons
transfected with C-terminal-Jacob-GFP represent cytoarchitecture and synaptic density
comparable with the control neurons transfected with empty GFP vector even 48 hours
following transfection (Fig. 8; 9). Thus, the N-terminal half of Jacob is crucial and

sufficient for its effects on synapto-dendritic cytoarchitecture.
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Fig. 9 The C-terminal part of Jacob is dispensible for its effect on dendritic cytoarchitecture.
Primary hippocampal neurons at DIV 11 were transfected with different Jacob-GFP constructs or
with pEGFP-vector without insert (control). 48 hours after transfection, cultures were fixed and
immunolabeled for MAP2.

I. Micrographs depicting MAP2 labeled (red in merged displays) hippocampal neurons 48 hours
after transfection with different Jacob-constructs (as indicated to the left). Scale bar: 50 um.

I1. Morphological analysis of primary neurons after Jacob overexpression in primary hippocampal
neurons.

Neurons transfected with AMyr-Jacob-GFP (black column) or with AMyr-Aexon9-Jacob-GFP
(hatched column) showed a drastic decrease in dendritic complexity (B), neurite number (A) and
length (C) in comparison to GFP-transfected neurons (white columns). No significant differences
were found between GFP-transfected cells and neurons after C-term-Jacob-GFP overexpression
(gray column). Quantifications were done 48 h after transfection. Data are presented as a mean =+
SEM. **p<0,01; *** p< 0,001. 50 neurons were quantified at each time point in each group.
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3.2.4 Redistribution of endogenous Jacob affects synaptogenesis in primary

hippocampal neurons

As shown previously by Dr. rer. nat. Daniela Dieterich and Dipl. Biol. Martin
Kreutz (unpublished data), endogenous Jacob translocates to the nucleus in response to
NMDA receptor activation. On the other hand, the nuclear accumulation of Jacob after
overexpression leads to a decrease of synapse number in mature hippocampal neurons (see
sections 3.2.2). To answer the question whether accumulation of endogenous Jacob will
have a negative effect on synaptogenesis the following experiment was performed. Mature
hippocampal neurons (DIV 13) were stimulated with 50 uM NMDA for 3 min and fixed
after 4 hours following stimulation. Untreated cells were used as a control. After fixation
neurons were immunostained with anti-Bassoon antibody to visualize synapses and with
anti-MAP2 antibodies to visualize dendritic protrusions. Bassoon puncta were counted per
40 pm length of each randomly chosen neuron and 50 different neurons were used for each
experimental group, the synaptic density then was expressed as number of synapses per 10
um. In case of neurons stimulated with NMDA a reduction in synapse density was clearly
observable and was about 25% less in comparison with control untreated cells (Fig. 10).

It is known that structural rearrangements that accompany synaptic plasticity require
de novo protein synthesis and gene transcription (Alberini, 1999; Malenka, 2003; Thomas
and Huganir, 2004), therefore, it was suggested that Jacob can directly or indirectly regulate
transcription regulation after translocation to the nucleus. Moreover, it was shown
previously by Dr. Karl-Heinz Smalla (unpublished data) that nuclear Jacob exclusively
associated with the RNA-polymerase II-containing euchromatin. It is well known that
structural aspects of chromatin are important factor in the control of gene expression. The
packaging of DNA in nucleosomes and higher order structures represents an obstacle to the
binding of specific proteins and RNA polymerases to control transcription initiation sites
(Reyes et al., 1997). Heterochromatin consists of densely packed chromosome regions and
most transcription occurs in regions of the lightly packed form of chromatin — euchromatin
(Lodish et al., 2001). The enrichment of Jacob at active sites of nuclear gene transcription
and mRNA processing supports the hypothesis proposed above that Jacob is involved in

transcription regulation.
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Fig. 10 NMDA receptor activation leads to reduction of synaptic density in primary
hippocampal neurons.

I. Hippocampal neurons after 13 DIV were stimulated for 3 min with 50 uM NMDA (D-F); NMDA
and actinomycin D (G-I); or with actinomycin D alone (J-L). 4 hours later cultures were fixed and
immunostained with anti-MAP2 antibodies to visualize dendritic processes (red in merged displays)
and with Bassoon antibodies to visualize synapses (green in merged displays). Inserts show higher
magnification views. Scale bar: 10 pm.

II. NMDA-stimulation (black column) results in significant reduction of synaptic density in
hippocampal neurons and this effect was abolished by application of actinomycin D (hatched
column). No significant differences were found between untreated neurons (white column) and
neurons incubated with actinomycin D alone (gray column). Data are presented as a mean £ SEM.
**p<0,01. 50 neurons were quantified per each experimental group.

To test this prediction, prior to stimulation with NMDA neurons were incubated with the
transcription inhibitor actinomycin-D, and after washing out NMDA cells were kept in
media contained actinomycin-D until fixation. Control cells were incubated in actinomycin-
D-containing media but were not stimulated with NMDA. Treatment with actinomycin-D
abolished the reduction in synapse numbers after NMDA stimulation and neurons
stimulated with NMDA and treated with actinomycin-D showed no significant difference
with control groups — untreated cells and treated only with actinomycin D (Fig. 10). These
data support the idea proposed above that Jacob influence synaptogenesis via transcription
regulation.

To further prove that Jacob’s nuclear accumulation is responsible for the synaptic stripping
after NMDA receptor stimulation the following experiment was performed. Primary
hippocampal neurons (DIV 7) were transfected with small interfering RNA (siRNA)
targeted to specifically inhibit all mRNAs corresponding to Jacob isoforms containing exon
6 and the NLS sequence (see Fig. 8) and therefore prevent nuclear accumulation of Jacob.
Control cells were transfected with an empty pRNAt vector. 7 days following transfection

(DIV 13) neurons were stimulated with 50 uM NMDA for 3 min. Unstimulated cells were
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Fig. 11 Nuclear accumulation of endogenous Jacob upon NMDA receptor activation leads to
stripping of synaptic contacts.

I. Hippocampal neurons after 7 DIV were transfected with siRNA (I-P) specifically knocking down
the nuclear Jacob expression or empty pRNAt vector (A-H). 7 days after transfection neurons were
stimulated for 3 min with 50 uM NMDA (E-H; M-P) and fixed 4 hours later and immunolabeled for
Bassoon (A, E, I, M; red in merge) and MAP2 (C, G, K, O; blue in merge). Inserts show higher
magnification of the boxed areas. Scale bar: 10 pm.

II. NMDA stimulation leads to significant reduction of synapse density in hippocampal neurons
transfected with empty pRNAt vector (black column), but no reduction was observed in siRNA
transfected neurons (grey column). No significant differences were found between unstimulated
neurons transfected with empty pRNAt vector (white column) and neurons transfected with siRNA
(hatched column). Data are presented as a mean = SEM. **p< 0,01. 50 neurons were quantified per
each experimental group.

used as a control. Four hours later neurons were fixed and immunostained with anti-
Bassoon antibody to visualize synapses and with anti-MAP2 antibodies to visualize
dendritic protrusions. Bassoon puncta were counted per 50 um length of each randomly
chosen neuron and then was expressed as number of synapses per 10 um. Altogether 50
different neurons were used for each experimental group.

Similar to results described above, neurons transfected with empty pRNAt vector and
stimulated with NMDA showed significant reduction in synapse density in comparison to
unstimulated control cells (Fig. 10, 11). However, no reduction in synapse density was
found after NMDA stimulation in neurons transfected with the siRNA. Thus, knocking
down the nuclear Jacob expression by siRNA abolished the reduction of synapse numbers
after NMDA stimulation. Taken together, these results suggest that the nuclear
translocation of Jacob upon NMDA receptor activation has a negative effect on

synaptogenesis depending on gene transcription.
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3.3 Jacob links extrasvnaptic NMDA receptors and CREB dephosphorylation

3.3.1 Extrasynaptic NMDA receptor activation induced massive nuclear translocation

of Jacob

As described in sections 3.2.1 and 3.2.2 Jacob translocates to the nucleus in
response to NMDA receptor activation and the nuclear accumulation of Jacob has a strong
negative pleiomorphic effect on neurite and synapse number in hippocampal neurons. The
number of studies indicates that there are marked differences in cellular responses induced
by different populations of NMDA receptors: synaptic and extrasynaptic (Hardingham et
al., 2002; Hardingham and Bading, 2002, 2003; Vanhoutte and Bading, 2003). Calcium
entry through synaptic NMDARSs strongly promotes CREB activity and CREB-dependent
gene expression; in direct contrast, activation of extrasynaptic NMDARs triggers a
dominant CREB shut-off signal that acts via inducing rapid dephosphorylation of CREB on
serine-133 (Hardingham et al., 2002; Hardingham and Bading, 2002, 2003; Vanhoutte and
Bading, 2003). The transcription factor CREB is thought to be central to certain aspects of
adaptive responses by the neuron, controls the expression of a number of pro-survival genes
and has been shown to be important in determining neuronal survival/death (Tao et al.,
1998; Riccio et al., 1999; Walton and Dragunow, 2000; Finkbeiner, 2000; Mantamadiotis et
al., 2002).

To determine which type of NMDA receptors is responsible for nuclear translocation of
Jacob, synaptic or extrasynaptic NMDA receptors were stimulated in primary hippocampal
cultures. Two hours after stimulation the neurons were fixed, immunostained with anti-
Jacob antibodies, and the level of Jacob immunoreactivity in the cell nuclei was

determined.

As hippocampal cultures contain inhibitory interneurons (~10%) that impose a tonic

inhibition on the neuronal network, blocking GABAA (y-aminobutyric acid) receptor
function causes the neurons to fire synchronous bursts of action potentials. The GABA
receptor antagonist bicuculline induces bursts of action potentials, which are associated
with synaptic NMDA receptors activity (Hardingham et al., 2001a). Simultaneous treatment
with 2.5 mM 4-aminopyridine (4-AP), a weak potassium-channel blocker, converts the
bicuculline-induced ‘oscillation type’ calcium signals into elevated ‘plateau-type’ calcium

signals and markedly increases the burst frequency (Hardingham et al., 2002). Therefore,
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biccuculine/4-AP treatment was used as first experimental conditions to activate
synaptically located NMDA receptors.

In the second set of experimental conditions, synaptic NMDA receptors were selectively
inactivated using MK-801 in conjunction with bicuculline and 4-AP. Because MK-801 is
an open channel blocker and binds only activated NMDA receptors, the population of
NMDA receptors not stimulated by bicuculline-induced firing (those not located at
synapses) were left unblocked (Hardingham et al., 2002). This population of extrasynaptic
NMDA receptors was then activated by adding 100 uM NMDA to the medium (third
experimental conditions).
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Fig. 12 Stimulation of extrasynaptic NMDA receptors rather than synaptic NMDA receptors
is responsible for nuclear Jacob translocation. I. Neurons after 16 DIV were treated with 50 uM
bicuculline and 2.5 mM 4-AP to induce activation of synaptic NMDA receptors (A right) or with 50
UM bicuculline, 2.5 mM 4-AP, 10 pM MK-801 and 30 min later (after washing) 100 uM NMDA
for 3 min to induce activation of extrasynaptic NMDA receptors (C right). Untreated cells (A, C
left) were used as a control. After washing cultures were incubated for 30 min and then fixed and
immunostained with anti-Jacob antibodies. Scale bar: 10 pm.

I1. Quantitative analysis of nuclear Jacob immunofluorescence.

Data are presented as percent deviation from unstimulated control cells. Synaptic NMDA receptor
activation induces 50% increase of Jacob immunoreactivity in the nuclei in comparison with control
cells (A). In contrast, activation of extrasynaptic NMDA receptors resulted in a 120% increase of
nuclear Jacob immunoreactivity (B). Data are presented as a mean £ SEM. ***p< 0,001. 20-30
neurons were quantified per each experimental group.

Confocal laser scan microscopy and statistical analyzes were performed together with Dr.

Anna Karpova, the special laboratory for electron- and laserscanning microscopy, Leibniz

38



Results

Institute for Neurobiology, Magdeburg. Calcium flux through synaptic NMDA receptors,
triggered by bicuculline exposure, induced 50% increase of Jacob immunoreactivity in
neuronal nuclei in comparison to untreated cells (Fig. 12). However, activation of
extrasynaptic NMDA receptors resulted in much higher — 120% - increase of nuclear Jacob
immunoreactivity (Fig. 12). These results suggest that Jacob nuclear translocation is

dominantly triggering by activation of extrasynaptic population of NMDA receptors.

3.3.2 Nuclear Jacob has a negative regulatory effect on CREB phosphorylation

Activation of extrasynaptic NMDA receptors triggers CREB shut-off pathway that
acts via induction of rapid dephosphorylation of CREB on serine-133 (Hardingham et al.,
2002; Hardingham and Bading, 2003). On the other hand, activation of extrasynaptic
NMDA receptors triggers massive Jacob nuclear translocation and as it was shown in
sections 3.2.4 Jacob might be involved in transcription regulation. Based on these data we
can assume that Jacob might link extrasynaptic NMDA receptors and CREB
dephosphorylation. To test this hypothesis and investigate whether Jacob nuclear
accumulation will affect the CREB phosphorylation primary hippocampal neurons were
transfected with AMyr-Jacob-GFP — the mutant which accumulates exclusively in the cell
nucleus — or with empty GFP vector, 10 hours after transfection the cells were fixed and
immunostained with anti-phosphor-CREB (Ser-133) antibody to assess the level of
phosphorylated CREB in transfected neurons.

Overexpression of AMyr-Jacob-GFP resulted in a drastic reduction of phosphorylated
CREB in neuronal nuclei in comparison with untransfected cells (Fig. 13). No significant
differences in the level of CREB phosphorylation was found between GFP transfected
control and untransfected neurons (Fig. 13).

These data support the idea that Jacob couples the extrasynaptic NMDA receptors and
CREB dephosphorylation.

To provide a direct test of the hypothesis that Jacob plays an important role in CREB shut-
off pathway, primary hippocampal neurons (DIV 8) were transfected with siRNA
specifically targeted to mRNAs corresponding to Jacob isoforms that contain exon 6
sequence and therefore prevent nuclear translocation of Jacob; 7 days following
transfection (DIV 15) extrasynaptic NMDA receptors were stimulated as described in the
previous section. Neurons transfected with an empty pRNAt vector were used as a control.

15 minutes after stimulation, neurons were fixed and immunostained with anti-phosphor-

39



Results

CREB (Ser-133) antibody and levels of phosphorylated CREB in the nuclei of transfected

neurons were analyzed.
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Fig. 13 Nuclear Jacob overexpression induces CREB dephosphorylation. Hippocampal neurons
after 11 DIV were transfected with AMyr-Jacob-GFP (A, B) or GFP-vector without insert (C, D).
Ten hours later transfected cultures were fixed and immunostained with antibodies against
phosphorylated CREB on Ser-133 (pCREB Ser133; B, D). Fluorescence changes in phosphor-
CREB levels were quantified from averaged confocal image stacks acquired using Imagel software
in nuclei regions. Colored bars represent pixel intensity in range from 0 (black) to 255 (red). Scale
bar: 50 um. Overexpression of nuclear Jacob significantly decrease level of phosphorylated CREB
(A, B, E) in comparison with untransfected neurons; whereas no significant differences was found
in phosphor-CREB level between untransfected and GFP-transfected neurons (C, D, F). Data are
presented as a percent deviation from untransfected cells (mean £ SEM). * p< 0,1. 20-30 neurons
were quantified per each experimental group.

Stimulation of the extrasynaptic population of NMDA receptors leads to significant
reduction in phosphor-CREB levels in neurons transfected with empty pRNAt vector in
comparison with unstimulated control cells (Fig. 14). However, no significant decrease in
phopho-CREB levels was found after extrasynaptic NMDA receptor activation in neurons
transfected with the siRNA. Thus knocking down the nuclear Jacob expression by siRNA
abolishes the negative effect of extrasynaptic NMDA receptor activation on CREB
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phosphorylation (Fig. 14). These results indicate that Jacob play a crucial role in the CREB
shut-off pathway initiated by extrasynaptic NMDA receptors.
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Fig. 14 Nuclear knockdown of Jacob prevents CREB shut-off after extrasynaptic NMDA
receptor activation. A. Primary hippocampal neurons were transfected with siRNA (DIV 8) (green
in merge, upper panel) to knock down levels of nuclear Jacob. At DIV 15 synaptic or extrasynaptic
NMDA receptors were stimulated, neurons were incubated after stimulation for 30 min and then
fixed and immunostained with anti-MAP2 antibody (red in merge, upper panel) to confirm their
neuronal identity; and with anti-phosphor-CREB (Ser133) antibody (lower panel) to assess level of
phosphorylated CREB. Colored bars represent pixel intensity in range from 0 (black) to 255 (red).
Scale bar: 30 pm.B. Quantitative analysis of phosphor-CREB level. Knockdown of nuclear Jacob
by siRNA transfection significantly decreased levels of CREB dephosphorylation after
extrasynaptic NMDA receptor activation in comparison with untransfected neurons or neurons
transfected with empty pRNAt vector.
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3.3.3 Nuclear accumulation of Jacob triggers cell death

The transcription factor CREB controls the expression of a number of pro-survival
genes like NGF and BDNF (Tao et al., 1998; Riccio et al., 1999; Vanhoutte and Bading,
2003). Mice lacking CREB in the CNS during development show extensive neuronal
apoptosis (Mantamadiotis et al., 2002). Postnatal disruption of the CREB gene leads to
progressive neurodegeneration in the hippocampus and dorsolateral striatum
(Mantamadiotis et al., 2002). Extrasynaptic NMDA receptors are specifically coupled to a
dominant CREB shut-off pathway that causes CREB dephosphorylation of its activator site
(Ser133) that can lead to cell death (Hardingham et al., 2002). Similarly, apoptosis caused
by the blockade of synaptic NMDARs in the developing brain (Ikonomidou et al., 1999)
could be in part due to a reduction in synaptic NMDAR-dependent CREB activity. Since
Jacob nuclear translocation seems to play an important role in the mechanism by which
extrasynaptic NMDA receptors down-regulate CREB phosphorylation (section 3.3.1,
3.3.2), it was assumed that disturbance of Jacob nuclear trafficking may efficiently prevent
neuronal death. To prove this prediction primary hippocampal neurons were transfected
with siRNA (DIV 8) to knock down levels of Jacob which can be transported to the nucleus
or with empty pRNAt vector and then stimulated (DIV 15) with 100 uM NMDA for 3 min
or with 300 pM NMDA for 5 min. 24 hours after NMDA exposure total and dead cells
were determined by nuclei staining with 100 ng/ml 4’,6-diamidino-2-phenylindole (DAPI)
and propidium iodide (PI) (10 uM), respectively. After 30 min incubation with DAPI and
PI neurons were fixed and ration between dead and total number of cells was determined
(Fig. 15). Furthermore, to determine apoptotic cells, neurons were fixed 24 hours after
NMDA exposure and then were stained by using a ApopTag” Red Apoptosis Detection Kit
(Fig. 16).

Treatment of the hippocampal cultures with high dose of NMDA resulted in massive cell
death: more than 60% of cells transfected with the empty pRNAt vector demonstrate
positive PI and apoptotic staining (Fig. 15, 16). However, knock down of nuclear Jacob by
siRNA significantly diminish cell death weather monitored by PI or ApopTag assay. These
data strongly suggest that Jacob nuclear accumulation triggers cell death.

Taken together, these studies indicate that after extrasynaptic NMDA receptor activation
Jacob translocates to the nucleus where it contributes to the CREB shut-off pathway via

induction of rapid CREB dephosphorylation and cell death.
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Fig. 15 Knockdown of nuclear Jacob attenuates NMDA-induced neuronal cell death. A.
Hippocampal neurons after 8 DIV were transfected with siRNA to knock down levels of nuclear
Jacob (lower panel) or with empty pRNAt vector (upper panel). 7 days later (DIV 15) transfected
cultures were stimulated with 100 uM NMDA for 3 min or with 300 uM NMDA for 5 min (as
indicated to the left), untreated cells were used as a control. After washing cultures were incubated
for 24 hours and then DAPI (blue in merged displays) and PI (red in merged displays) were added
for 30 min to the culture medium. Then neurons were fixed and examined under fluorescence
microscope. Cell viability was determined as the ration of dead cells (PI-positive) to total number of
transfected neurons (B). Data are presented as a mean + SEM. **p< 0,01. 40 neurons were
quantified per in each group. Scale bar: 10 um.
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Fig. 16 Knockdown of nuclear Jacob diminishes NMDA-induced apoptotic cell death. A.
Primary hippocampal neurons were transfected with siRNA (DIV 8) to knock down the level of
nuclear Jacob (lower panel) or with empty pRNAt vector (upper panel). At DIV 15 transfected
neurons were stimulated with 100 pM NMDA for 3 min or with 300 uM NMDA for 5 min (as
indicated to the left), untreated cells were used as a control. 24 hours after NMDA exposure neurons
were fixed and stained by using a ApopTag” Red Apoptosis Detection Kit to determine apoptotic
cells (red in merged displays). Neuronal nuclei were counterstained with DAPI (blue in merged
displays). Cell viability was determined as the ration of dead cells to total number of transfected
neurons (B). Data are presented as a mean £ SEM. * p< 0,1; **p< 0,01. 40 neurons were quantified
in each group. Scale bar: 10 um.

3.3.4 The C-terminal part of Jacob is dispensable for its negative effect on CREB
phosphorylation

As it was shown in section 3.2.3 the N-terminal part of the Jacob protein is
responsible and sufficient for its strong negative effect on synapto-dendritic architecture.
On the other hand, Jacob’s C-terminus is dispensable for its morphogenetic effects. This
suggested that C-terminal part of Jacob is not involved in the transcription regulation and
CREB shut-off pathway.

To test this prediction primary hippocampal neurons were transfected with C-term-Jacob-
GFP or with AMyr-Jacob-GFP, fixed 10 hours following transfection and immunostained
with anti-phosphor-CREB (Ser133) antibody to assess levels of phosphorylated CREB in
transfected neurons.

AMyr-Jacob-GFP overexpression leads to 30 % reduction of phosphor-CREB level in
comparison with untransfected cells (Fig. 17) whereas no significant differences were
found in the level of CREB phosphorylation between untransfected neurons and cells
transfected with C-term-Jacob-GFP (Fig. 17). These findings are consistent with the

previous observations that the C-terminal part of Jacob is inessential for its morphogenetic
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effect and confirm the hypothesis that Jacob’s C-terminus is dispensable for regulation of

CREB phosphorylation.
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Fig. 17 The C-terminal part of Jacob is dispensable for its negative effect on CREB
phosphorylation.

Hippocampal neurons after 11 DIV were transfected with C-term-Jacob-GFP (A, C) or with AMyr-
Jacob-GFP (B, D). Ten hours later transfected cultures were fixed and immunostained with anti-
phosphor-CREB (Ser-133) antibody (C, D). Neuronal nuclei were counterstained with DAPI (blue).
Changes in fluorescence intensity of phosphor-CREB levels were quantified from averaged
confocal image stacks acquired using ImageJ software in nuclei regions. Colored bars represent
pixel intensity in range from 0 (black) to 255 (red). Scale bar: 30 um. Overexpression of nuclear
Jacob significantly decrease the level of phosphorylated CREB (D, II) in comparison with
untransfected neurons; whereas no significant differences were found in phosphor-CREB levels
between untransfected and C-term-Jacob-GFP-transfected neurons (C, D, F). Data are presented as
percentage deviation from untransfected cells (mean £ SEM). * p< 0,1. 20-30 neurons were
quantified per each experimental group.

3.4 Caldendrin regulates Jacob distribution in neurons

At resting conditions, Jacob is present in the somato-dendritic compartment and
demonstrates significant overlap with the distribution of Caldendrin in dendritic processes

and spines. In contrast to Caldendrin, Jacob translocates to the nucleus in response to
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Fig. 18 Caldendrin overexpression prevents nuclear accumulation of Jacob upon NMDA
receptor activation.

I. Hippocampal neurons after 11 DIV were transfected with wt-Caldendrin-GFP (I-P) or GFP-
vector without insert (A-H). 24 hours later transfected cultures were stimulated for 3 min with 100
uM NMDA (E-H; M-P). After washing cultures were incubated for 2 hours and then fixed and
immunostained with antibodies against the endogenous Jacob (JB 150) and neuronal nuclei were
counterstained with propidium iodide (PI; red in merged displays). Scale bar: 10 um.

I1. Quantitative analysis of nuclear Jacob immunofluorescence.

Data are presented as a percent deviation from unstimulated GFP-transfected cells. After NMDA
application Jacob immunofluorescence significantly increase in nuclei of GFP-transfected neurons
(black column) but no increase of nuclear Jacob immunoreactivity in response to NMDA receptor
activation was detected after wt-Caldendrin overexpression (gray column). Data are presented as a
mean £+ SEM. * p<0,1; **p<0,01. 50 neurons were quantified per each experimental group.

NMDA receptor activation and the NLS of Jacob is essential for this translocation (section
3.1). Moreover, it was shown previously by Dr. Michael R. Kreutz (unpublished data) that
Jacob’s NLS is a binding site for importin-a, a well-studied adapter which mediates nuclear
import of proteins that carry a classical NLS (Weis, 2002). Like Jacob importin-o
translocates from dendrites to the nucleus upon NMDA receptor activation (Thompson et
al., 2004) and recruits importin-a-bound Jacob to the nucleus (Dr. Michael R. Kreutz,
unpublished data). However, at high calcium which can be achieved after enhanced
synaptic activation, Caldendrin competes with importin-o. for Jacob binding and can
prevent its nuclear translocation (Dr. Michael R. Kreutz, unpublished data). Therefore, it
was predicted, that after synaptic activation Caldendrin will bind Jacob and mask Jacob’s
NLS, and thereby interfere with Jacob’s nuclear recruitment.

To confirm this hypothesis and investigate how Caldendrin binding affects the intracellular
localization of Jacob after synaptic activation the following experiment was performed:
Hippocampal neurons (DIV 11) were transfected with full-length GFP-Caldendrin or with
GFP alone and 24 hours later transfected cultures were stimulated for 3 min with 100 uM
NMDA. To assess Jacob’s distribution, neurons were fixed 2 hours following stimulation
and immunostained with antibodies against the endogenous Jacob (Fig. 18). Expectedly,
overexpression of Caldendrin led to a significant reduction of Jacob immunoreactivity in
neuronal nuclei in comparison with GFP transfected cells (Fig. 18). Thus, the interaction
with the calcium-sensor Caldendrin seems to mask the bipartite NLS of Jacob in vivo. This
points to a regulatory function of the protein-protein interaction in nuclear trafficking of
Jacob after enhanced synaptic activation that is most likely related to the competitive
accessibility of Jacob’s NLS for either Caldendrin or nuclear transport factor importin-o

binding.
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3.5 Extranuclear Jacob has a drastic effect on synapse formation

3.5.1 Overexpression of Jacob mutants induces formation of huge synapses in mature

hippocampal neurons

Overexpression of ANLS-Jacob-GFP in primary hippocampal neurons resulted in
30% of transfected cells in formation of huge protrusions disposed around the cell body and
along the dendrites (see section 3.1, Fig. 5). Moreover, the overexpressed ANLS-Jacob-
GFP protein accumulated mainly in these protrusions. The same phenotype was observed
after Aexon9-Jacob-GFP overexpression in primary hippocampal neurons. Furthermore,
after Aexon9-Jacob-GFP overexpression almost all transfected neurons exhibited the

‘protrusions phenotype’.

merge GFP fluorescence

Fig. 19 Immunolocalization of endogenous PSD95 and Bassoon in mature hippocampal
cultures transfected with Aexon9-Jacob-GFP.

Hippocampal neurons after 11 DIV were transfected with Aexon9-Jacob-GFP, 24 hours later the
cultures were fixed and immunostained with anti-PSD95 antibodies (C; red in merge) and anti-
Bassoon antibodies (D; blue in merge). B represents GFP fluorescence of overexpressed Aexon9-
Jacob-GFP; A shows the merged images. Inserts represent higher magnifications of the boxed areas.
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Immunostaining performed in neurons transfected with Aexon9-Jacob-GFP revealed
intense immunolabeling for postsynaptic density-95 protein (PSD95; also known as
synapse-associated protein SAP90) and proline-rich synapse-associated protein-2
(ProSAP2; also known as Shank3) in all the protrusions (Fig. 19, 20). It is well known that
PSD95 and ProSAP2 are key components of the postsynaptic density (PSD), a membrane-
associated structure of electron dense material that is found at the synaptic junction of
excitatory synapses (Nimchinsky, et al., 2002). The PSD consists of neurotransmitter
receptors, ion channels, adapter and scaffolding proteins as well as signaling molecules and
couples presynaptic activity to postsynaptic signaling cascades (Kornau, 1997; Sheng,
1996; Sheng and Kim, 2000; Boeckers et al., 2001; Ehlers, 2002; Nimchinsky, et al., 2002).
Therefore, it was suggested that the huge protrusions found in the Aexon9-Jacob-GFP

transfected neurons might contain one or more functional synaptic contacts.

merge GFP fluorescence

Fig. 20 Immunolocalization of endogenous ProSAP2 and Synapsin in mature hippocampal
cultures transfected with Aexon9-Jacob-GFP.

Primary hippocampal neurons (DIV 11) were transfected with Aexon9-Jacob-GFP and fixed 24
hours after transfection. Transfected neurons were immunolabeled for ProSAP2 (C; blue in merge)
and Synapsin (D; red in merge). B represents GFP fluorescence of overexpressed Aexon9-Jacob-
GFP; A shows the merged images. Inserts represent higher magnifications of the boxed areas.
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To determine whether the protrusions in Aexon9-Jacob-GFP transfected neurons contain
neurotransmitter receptors, as a very important constituent of the functional synapse,
immunofluorescence staining with antibodies directed against NMDA receptor (NMDAR)
subunits 2a and 2b; and AMPA receptor subunit GluR2 was carried out. Double-
immunofluorescence confocal laserscan micrographs demonstrated significant overlap
between NMDAR 2a, NMDAR 2b, GIluR2 immunolabeling and Aexon9-Jacob-GFP
fluorescence in the protrusions (Fig. 21). These results support the hypothesis that the
protrusions that arise in neurons after Aexon9-Jacob-GFP overexpression contain functional

synapses.
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Fig. 21 Immunolocalization of endogenous NMDAR NR2B, NR2A and AMPA receptor GluR2
subunits in mature hippocampal neurons transfected with Aexon9-Jacob-GFP.

Hippocampal neurons (12 DIV) transfected with Aexon9-Jacob-GFP were fixed 24 hours after
transfection and then immunostained with antibodies against the endogenous NMDA receptors
NR2B subunit (B; red in merged image A), NR2A subunit (E; red in merged image D) or against
AMPA receptor subunit GluR2 (H; red in merged image G). C, F and I micrographs represent GFP
fluorescence signal corresponding to overexpressed Aexon9-Jacob-GFP. Inserts represent higher
magnifications of the boxed areas.

To further prove the hypothesis, it needs to be addressed whether these protrusions make a
contact with presynaptic terminals. To answer this question hippocampal neurons
transfected with Aexon9-Jacob-GFP were immunostained with anti-Bassoon or anti-

Synapsin antibody to visualize the presynaptic terminals and with anti-PSD95 (or
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ProSAP2) antibodies to visualize the PSD. Confocal laserscan micrographs demonstrated
that in most cases single GFP-positive protrusions overlapped with a single continuous
PSD95 (or ProSAP2) immunopositive spots but with several separated Basson or Synapsin
puncta (Fig. 19; 20; 22). Based on these data it was suggested that the protrusions in exon9-
Jacob-GFP transfected neurons include one huge PSD and make contacts with several

presynaptic terminals.
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Fig. 22 Huge protrusions in Aexon9-Jacob-GFP transfected neurons make contacts with
several presynaptic terminals.

11 DIV primary hippocampal neurons were transfected with Aexon9-Jacob-GFP, 24 hours later
cultures were fixed and immunolabeled for Bassoon. Number of Bassoon puncta overlapping or
contiguous to each GFP fluorescent spot corresponding to overexpressed Aexon9-Jacob-GFP was
quantified. Single-plane confocal images were used for the quantification. Data are presented as a
mean = SEM.

Since Caldendrin can play a crucial role in the subcellular localization of Jacob (see
sections 3.4) it was predicted that both proteins will exhibit a similar distribution in
Aexon9-Jacob-GFP transfected neurons. Indeed, endogenous Caldendrin displayed a
localization pattern overlapping closely with overexpressed Aexon9-Jacob-GFP (Fig. 23).
To visualize the morphology of the protrusions scanning electron microscopy (SEM) was
carried out. All SEM experiments were performed in collaboration with Dr. Heiner Sann
(the special laboratory for electron- and laserscanning microscopy, Leibniz Institute for
Neurobiology, Magdeburg). SEM revealed that neurons transfected with Aexon9-Jacob-
GFP have huge round-shaped structures disposed around the cell body and along the
dendrites (Fig. 24).

Since Caldendrin can play a crucial role in the subcellular localization of Jacob (see

sections 3.4) it was predicted that both proteins will exhibit a similar distribution in
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Aexon9-Jacob-GFP transfected neurons. Indeed, endogenous Caldendrin displayed a

localization pattern overlapping closely with overexpressed Aexon9-Jacob-GFP (Fig. 23).

merge Caldendrin

Fig. 23 Caldendrin and Aexon9-Jacob-GFP colocalizing in mature hippocampal neurons.
Primary hippocampal neurons after 11 DIV were immunostained with anti-Caldendrin (red in
merge) and anti-MAP2 antibodies (blue in merge). GFP fluorescence signal correspond to
overexpressed Aexon9-Jacob-GFP. Colocalization appears in yellow in merged image.

To visualize the morphology of the protrusions scanning electron microscopy (SEM) was
carried out. All SEM experiments were performed in collaboration with Dr. Heiner Sann
(the special laboratory for electron- and laserscanning microscopy, Leibniz Institute for
Neurobiology, Magdeburg). SEM revealed that neurons transfected with Aexon9-Jacob-
GFP have huge round-shaped structures disposed around the cell body and along the
dendrites (Fig. 24).

To determine whether overexpression of Aexon9-Jacob-GFP in neurons caused the
formation of these structures the following procedure was performed: confocal laserscan
micrographs and SEM micrographs were taken from the same Aexon9-Jacob-GFP
transfected cell and were compared. All structures on SEM micrographs that correspond to
the protrusions visible as GFP-positive blobs on the laserscan micrographs were identified.
All others structures on SEM micrographs comparable with the protrusions in shape and

size were quantified.
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Fig. 24 Overexpression of Aexon9-Jacob-GFP in mature primary hippocampal neurons causes
formation of huge protrusions.

Hippocampal neurons after 11 DIV were transfected with Aexon9-Jacob-GFP (E-H) or GFP-vector
without insert (A-D). After 24 hours neurons were fixed and confocal laserscan (left panel) and
scanning electron images (right panel) were taken. C, D and G, H represent higher magnifications
of the boxed areas in A, B and E, F micrographs respectively. Scale bar: 10 um.
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Finally, it was found that 85% of all round-shaped structures on the SEM micrographs
correspond to the GFP-positive protrusions (Fig. 25). No similar structures were found in
case of GFP-transfected neurons (Fig. 24). Based on these data it was concluded that
overexpression of Aexon9-Jacob-GFP in neurons results in the formation of huge

membranous protrusions from the neuronal surface.

% colocalization
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15%
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Fig. 25 Overexpressed Aexon9-Jacob-GFP accumulates in the huge protrusions in primary
hippocampal neurons.

Confocal laserscan and scanning electron images were taken from Aexon9-Jacob-GFP transfected
hippocampal neurons 24 hours after transfection. Then laserscan and SEM micrographs
corresponding to the same cell were compared and all structures on SEM micrographs that
correspond to the GFP-spot on the laserscan micrographs were identified.

All others structures comparable in size on SEM micrographs were quantified. 85 % of all round-
shaped structures on SEM micrographs correspond to the GFP spots.

As it was described above, double-immunofluorescence staining with antibodies
directed against PSD95 and GFP after Aexon9-Jacob-GFP overexpression demonstrated
significant overlap in the protrusions (Fig. 19). Moreover, PSD95 immunolabeling was
present as a single continuous spot and its size and shape more or less correspond to the
GFP-positive protrusion (Fig. 19). Therefore, it was suggested that the protrusions have one
large continuous PSD. To confirm this hypothesis the following experiment was performed:
hippocampal neurons transfected with Aexon9-Jacob-GFP and GFP empty vector were
fixed with 4% PFA and treated with buffer containing 0.3% Triton X-100 to destroy all
membranous structure. Extraction of the plasma membrane with Triton X-100 removes the
lipid bilayer, leaving the proteins associated with the insoluble cytoskeleton (Horst, et al.,
1987). After that samples were immunostained for PSD95 and confocal laserscan
micrographs and SEM micrographs were taken. SEM revealed that neurons transfected with
Aexon9-Jacob-GFP had a huge Triton X-100 insoluble structure which corresponded to the

PSD95 immunolabeled protrusions on laserscan micrographs (Fig. 26-I).
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Fig. 26 Overexpression of Aexon9-Jacob induces formation of huge PSDs.

I. Hippocampal neurons after 11 DIV were transfected with Aexon9-Jacob-GFP (A-D) or GFP
empty vector without insert (E-I). 24 hours after transfection neurons were fixed with 4% PFA and
immunostained with anti-PSD95 antibodies to visualize PSDs (A, E, J; red in merge). The samples
were treated with buffer containing 0.3% Triton X-100 during the immunostaining to remove
membranous structures. Confocal laserscan and scanning electron micrographs (C, G, K) were
taken. B and F represent GFP fluorescence of overexpressed Aexon9-Jacob-GFP and GFP,
respectively. D and I show the merged images. The structures on SEM micrographs that correspond
to the PSD95 spots on laserscan images were identified. Inserts represents higher magnification of
the boxed areas. Scale bar: 5 um.

I1I. Schematic drawing of the synapse and PSD (blue oval). The length of the longest Y- and X-axis
of the PSDs on the SEM micrographs was measured and taken as a PSD length and width,
respectively.

III. Neurons transfected with Aexon9-Jacob-GFP (black columns) have significantly larger PSD
length (A) and width (B) than GFP transfected cells (grey columns) or untransfected control
neurons (white columns). Data are presented as a mean £ SEM. *** p< 0,001. 5 - 8 neurons and 60
— 90 PSDs were quantified per each group.

The size and shape of these Triton X-100 insoluble structures were equal to the size and
shape of the corresponding PSD95-positive spot on confocal micrographs. Based on this
observation, Triton X-100 insoluble structures on SEM micrographs were determined as a
PSD. The length of the longest Y- and X-axis of the PSDs was measured (Fig. 26-II). The

longest Y-axis was taken as a PSD length and X-axis as a PSD width. Neurons transfected

57



Results

with GFP vector and untreated cells were used as a control. It was found that protrusions in
Aexon9-Jacob-GFP transfected neurons have almost 2.5 times longer and 1.6 times thicker
PSDs than GFP transfected or untransfected neurons (Fig. 26-III). No significant
differences concerning the PSD size were found between of GFP transfected neurons and
untreated cells.

These data confirmed that huge protrusions induced by Aexon9-Jacob-GFP overexpression
contain continuous PSDs several times exceeding the size of PSDs in untransfected or GFP

transfected cells.

3.5.2 Overexpression of Jacob mutant result in the formation of huge PSD-like

protrusions in voung hippocampal neurons

It is well known that development of mature synapses is a quite prolonged process,
requiring two to three weeks in rodents, a period equivalent to the entire period of prenatal
development (Hall, 1992). Dissociated hippocampal neuronal cultures used in the present
work were prepared from rat embryos (embryonic day 18) and synapse formation in these
cultures starts around day 7 and until this time neurons do not have functional synapses
(Papa et al., 1995; Boyer et al., 1998). Since overexpression of Aexon9-Jacob has a drastic
effect on synapse formation in mature hippocampal neurons (section 3.5.1), the next aim
was to investigate if Aexon9-Jacob also has impact on synaptogenesis in young neurons.
For this purpose, 3-day-old primary hippocampal cultures were transfected with Aexon9-
Jacob-GFP, fixed 24 hours later and immunolabeled for postsynaptic protein PSD95 and
the presynaptic protein Bassoon (Fig. 27). All transfected neurons develop the same
protrusion phenotype which was observed in mature hippocampal neurons after Aexon9-
Jacob-GFP overexpression. Moreover, confocal laserscan micrographs demonstrated that
all GFP fluorescence spots, which correspond to the overexpressed Aexon9-Jacob-GFP,
clearly overlap with intense immunolabeling for PSD95 (Fig. 27). At the same time no
PSD95 puncta were visible along the dendrites in young neurons transfected with GFP or
untransfected neurons (Fig. 27).

These data suggest that Aexon9-Jacob-GFP overexpression provoke formation of huge
clusters of the main component of the postsynaptic density - PSD95 - in young

hippocampal neurons.
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Fig. 27 Immunolocalization of endogenous PSD95 and Bassoon in young hippocampal
cultures.

DIV3 hippocampal neurons were transfected with Aexon9-Jacob-GFP (A-D) or with GFP-vector
without insert (E-I), 24 hours later the cultures were fixed and immunostained with anti-PSD95
antibodies (C, G; red in merged displays: A, E) and anti-Bassoon antibodies (D, I; blue in merged
displays: A, E). B and F represent GFP fluorescence of overexpressed proteins. Inserts represent
higher magnifications of the boxed areas.

LSM

GFP

Aex9-Jacob-GFP

Fig. 28 Overexpression of Aexon9-Jacob-GFP resulted in formation of huge protrusions in
young primary hippocampal neurons.

Hippocampal neurons after 3 DIV were transfected with Aexon9-Jacob-GFP (C-F) or GFP-vector
without insert (A, B) and fixed 24 hours after transfection. Confocal laserscan (left panel) and
scanning electron images (right panel) were taken. E and F represent higher magnifications of the
boxed areas in C and D micrographs respectively. Scale bar: 10 um.
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This phenomenon may indicate that overexpression of Aexon9-Jacob-GFP induce
formation of huge synapses in young hippocampal neurons. Moreover, confocal laserscan
micrographs showed that some of the PSD95 and GFP fluorescent spots overlapped with
Bassoon puncta (Fig. 27) as it was shown for mature hippocampal neurons transfected with
Aexon9-Jacob-GFP (section 3.5.1, Fig. 18, 19, 21).

To visualize the structure of the protrusions developed by young hippocampal neurons after
Aexon9-Jacob-GFP overexpression SEM was carried out. SEM revealed that Aexon9-
Jacob-GFP accumulated in huge varicosities (protrusions) of the dendritic processes (Fig.
28) and no similar structures were found in case of GFP-transfected neurons. Moreover,
clearly visible tiny processes connected most of the varicosities between each other. These
tiny processes could represent self-connection between some of protrusions of the same
neuron. This finding is in line with data obtained from immunofluorescence confocal
laserscan micrographs which revealed presynaptic labelling with Bassoon on the
protrusions (Fig. 27).

Taken together these data suggest that overexpression of Aexon9-Jacob-GFP in young
primary hippocampal neurons resulted in formation of huge protrusions enriched with

PSD95 and possible established contacts with presynaptic terminals.

3.5.3 Jacob overexpression causes similar effects in hippocampal and cortical neurons

The nervous system is composed of a number of different types of neurons. All of
them respond differently to the same factors, including such important regulatory molecules
as neurotransmitters, growth factors, neuropeptides and cytokines. A part of this flexibility
is probably due to intrinsic differences between the various types of neuronal cells, for
example, different stimuli induce distinct programmes of downstream gene expression in
different types of neurons (Bartel et al., 1989; Mayr et al., 2001; West et al., 2002).

As shown in sections 3.5.1 and 3.5.2, overexpression of Aexon9-Jacob in primary
hippocampal neurons has a drastic effect on synapse formation. To check whether this
effect was cell type-specific or whether Jacob performs similar regulatory functions in
different types of neuronal cells; primary cortical neurons were transfected with Aexon9-
Jacob-GFP. 24 hours after transfection 90-100 % of transfected cortical neurons exhibited a
similar protrusion phenotype, as that typically seen in hippocampal neurons transfected
with Aexon9-Jacob-GFP (Fig. 29). However, protrusions developed in cortical neurons

were smaller in size and larger in number than in case of hippocampal neuronal cells.

61



Results

Moreover, Aexon9-Jacob-GFP overexpression in cortical neurons resulted in a larger
number of neurites (Fig. 29). A similar increase in neurite number was observed in primary
hippocampal neurons transfected with Aexon9-Jacob-GFP (Fig. 6). Therefore, these
observations suggest that Jacob can play a similar regulatory role in different types of

neuronal cells.

GFP fluorescence merge

Fig. 29 Overexpression of Aexon9-Jacob induces formation of huge protrusions in cortical
neurons. Cortical neurons after 10 DIV were transfected with Aexon9-Jacob-GFP and fixed 24
hours after transfection. Transfected cells were immunolabeled for MAP2 (red in merge) to confirm
their neuronal identity.
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4 Discussion

4.1 NMDA receptor activation triggers Jacob / importin binding and their nuclear

translocation

Proper growth and branching of dendrites is crucial for nervous system function
since the patterns of dendritic arborization determine the nature and amount of innervation
that a neuron receives (Jan and Jan, 2003; Miller and Kaplan, 2003). Dendritic
development is a highly dynamic process that is regulated by both activity-independent
and activity-dependent signals. There is now compelling evidence that during postnatal
development, neuronal activity is a key determinant of dendritic growth and branching
(McAllister et al., 1996; Rajan and Cline, 1998; Redmond et al., 2002; Sin et al., 2002;
Konur and Gosh, 2005). The time of maximal dendrite growth and remodeling is
concurrent with that of afferent innervation suggesting that afferent activity can play an
important role in dendritic development (Wu et al., 1996, 1999; Wong and Ghosh, 2002).
A broad range of studies suggest that calcium is the pivotal messenger coupling synaptic
activity to nuclear gene transcription and calcium-dependant signaling from synapses to
the nucleus results in long-lasting changes in dendritic cytoarchitecture (Berridge 1998;
Milner et al., 1998; Carafoli et al., 2001; Miller and Kaplan, 2003; Konur and Ghosh,
2005). It also has been shown that calcium signaling from synapse to nucleus propagates
independently of global increases in calcium-concentrations (Deisseroth et al., 2003;
Hardingham et al., 2001b). How are calcium-transients reliably encoded in the
intracellular-signaling machinery? The newly identified protein Jacob is well suited to
couple synaptic activity-dependent calcium signals to the cell nucleus and this novel
synapto-nuclear signaling results in long-lasting changes in the cytoarchitecture of the
dendrites and the number of synapses.

The requirement for transcription during long-lasting plasticity indicates that signals
generated at the synapse must be transported to the nucleus where they are converted into
changes in gene expression. Little is known about the cellular mechanisms that target and
transport synaptically activated second messengers and transcription factors to the
nucleus. The extreme polarity of neurons presents a special set of challenges for
intracellular signal transduction, because the distance between the synapse and nucleus
can be extremely large. Thus, a signal from a distal synapse must first travel the length of
the axon or dendrite and then must be transported through the nuclear envelope.

Cytoplasmic proteins bearing nuclear localization signals are targeted to the nucleus and
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Fig. 30 Schematic model showing the mechanism for activity-driven synapto-dendritic
rempdeling. At resting conditions (1) Jacob is present extranuclearly in an either importin-a
bound or unbound state. (2a) Activation of extrasynaptic NMDA receptors leads to nuclear
translocation of importin-o and therefore, importin-a-bound Jacob. (2b) Nuclear translocation of
Jacob, in turn, induces CREB dephosphorylation and simplification of synapto-dendritic
architecture. (3a) However, in presence of high Ca”-levels, which can be achieved in Ca®"
microdomains such as postsynaptic spines after synaptic activation, Caldendrin compete with
importin-a for Jacob’s NLS binding and prevent its nuclear translocation. (3b) Jacob recruited via
Caldendrin in the extensively activated synapses and this leads to stabilization of existing spines.

transported through the nuclear pores by a large family of soluble nuclear transport factors
known as importins or karyopherins (Weis, 2002). The newly identified protein Jacob
harbors a well-conserved bipartite nuclear localization signal and as it was shown in the
present work Jacob’s NLS is essential for nuclear import of the protein. Furthermore, it
was shown previously by Dr. Michael R. Kreutz (unpublished data) that importin-o binds
Jacob and the NLS of Jacob is a binding region for importin- o .

Thompson and colleagues (2004) have shown that importin-o is present in distal
hippocampal neuronal processes including synaptic compartments and NMDA receptor
activation triggers its translocation from synapses into the nucleus. Therefore, importin-o
may bind NLS-containing cargos at the synapse and transport it to the nucleus in an
activity-dependent manner. It was shown previously that Jacob translocates to the nucleus
in response to NMDA receptor activation (Dr. rer. nat. Daniela Dieterich and Dipl. Biol.
Martin Kreutz, unpublished data) and therefore Jacob can be the first identified cargo for
importin-a.

At resting conditions, extranuclear Jacob can be present in an either importin-a-bound or
unbound state and as NMDA receptor activation leads to nuclear translocation of
importin-a, it was proposed that importin-a-bound Jacob will be recruited from dendrites
into the nucleus. Fig. 30 shows a schematic drawing of this scenario. The region of Jacob
that harbors the bipartite NLS is necessary for importin binding and nuclear translocation
of Jacob (Dr. Michael R. Kreutz, unpublished data); at the same time the NLS is a binding
site for Caldendrin, an EF-hand calcium-binding protein (Daniela Dieterich, Ph.D. thesis,
2003). Therefore, it could be predicted that Caldendrin binding can mask the bipartite
NLS of Jacob in competition with importin-a and thereby prevent its nuclear trafficking.
Consistent with this idea, overexpression of Caldendrin in primary hippocampal neurons
attenuates the Jacob’s nuclear translocation after NMDA receptor activation. However, it
was shown previously that Caldendrin binds Jacob only in presence of elevated calcium

levels which can be achieved only after enhanced synaptic activation (Daniela Dieterich,
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Ph.D. thesis, 2003). Moreover, only in the presence of calcium there is a competition
between Caldendrin and importin-o for binding to Jacob (Dr. Michael R. Kreutz,
unpublished data).

Since Jacob, Caldendrin and importin-a are similarly distributed in dendritic processes at
resting conditions, it can be predicted that the presence or absence of Caldendrin in the
respective synapto-dendritic compartment, the strength of synaptic activation and,
therefore, local calcium-transients will determine whether Jacob will be bound by
Caldendrin or by importin-a, and whether Jacob shuttles to the nucleus or stays in the

postsynaptic compartment (Fig. 30).

4.2 Jacob couples extrasynaptic NMDA receptors to a CREB shut-off pathway

Most electrical activity-dependent adaptations in the mammalian central nervous
system are triggered by rapid, signal-induced changes in the intracellular concentration of
calcium (Berridge, 1998; Carafoli, 2001). Intracellular calcium signals in neurons can lead
to a range of alterations in neuronal function lasting from seconds to days. The number of
potential calcium-regulated biological responses are diverse, ranging from gene
regulation, plasticity and learning, to survival and death (Milner, 1998; Carafoli, 2001).
How do neuronal cells control multiple processes using a single second messenger? The
diversity of events controlled by calcium must partly be a consequence of the distinct
types of calcium-signals that differ spatially, temporally and in magnitude (Bito et al.,
1996; Fields et al., 1997; Hardingham et al., 1997, 1999, 2001a; 2001b; Bading, 2000;
Chawla and Bading, 2001). The different outcomes can also be a consequence of the
actions of a range of calcium-sensor proteins that transduce calcium-signals into specific
changes in cellular function (Burgoyne, 2007). The NMDA subtype of glutamate receptors
is responsible for a substantial fraction of the total calcium influx in response to synaptic
activity. NMDA receptors are linked via the C-termini of their subunits to large complexes
of cytoplasmic proteins. These include scaffolding, adaptor, cell adhesion and cytoskeletal
proteins, as well as components of signal transduction pathways (Sheng and Pak, 2000).
Therefore, calcium entry through NMDA receptors will occur in special molecular
environment distinct from that in other parts of the cell. The emerging picture is that
different channels associate with different signaling molecules or adapters, which may

therefore be specifically or at least more efficiently, activated when calcium flows in
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through that particular channel. Thus, the site of calcium entry can determine the
biological outcome of the signal.

An example of calcium entry site-specific differences is the regulation of gene
transcription mediated by the CRE-binding protein CREB. CREB activation involves a
crucial step: phosphorylation on serine 133. Calcium entry through synaptic NMDARs
strongly promotes CREB phosphorylation and CREB-dependent gene expression. In direct
contrast, activation of extrasynaptic NMDARs triggers a dominant CREB shut-off signal
that acts via inducing rapid dephosphorylation of CREB on serine 133 (Hardingham and
Bading, 2002). The marked difference in cellular responses induced by synaptic versus
extrasynaptic NMDA receptors is likely due to differences in the receptor signaling
complexes. However, the exact nature of the CREB shut-off pathway and the mechanism
by which extrasynaptic NMDA receptors activate it was not discovered until now.

The activation of extrasynaptic NMDARSs requires the access of glutamate diffusing from
synaptic release sites (spillover); this is possible when transmitter release is high enough
for glutamate to diffuse to the extrasynaptic space from adjacent synaptic boutons and to
reach concentrations sufficient to activate extrasynaptic receptors (Kullmann and Asztely
1998; Carter and Regehr 2000; Chen and Diamond 2002; Clark and Cull-Candy 2002).
Due to their location outside synapses, extrasynaptic NMDA receptors may be involved in
sensing ambient levels of glutamate (Lachamp et al., 2005). Therefore, the activation of
the extrasynaptic NMDA is attributed mainly to global release of glutamate occurring at
pathological conditions including hypoxic/ischaemic insults, traumas, and epileptic brain
damage (Lipton, 1999; Arundine and Tymianski, 2004). In agreement with these findings,
it was shown that differences in the degree of receptor activation (giving rise to different
size calcium transients) account for the directly opposing effects on cell fate, with low or
moderate stimulation of the receptor promoting survival and over-activation inflicting
neuronal damage (Choi, 1992; Lipton and Rosenberg, 1994; Hardingham and Bading,
2003; Bossy-Wetzel et al., 2004).

In the present work, it was shown that activation of extrasynaptic NMDA receptors is
mainly responsible for the nuclear trafficking of Jacob. On the other hand, Caldendrin
competes with importin-o for binding to Jacob (Dr. Michael R. Kreutz, unpublished data)
and therefore controls Jacob’s extra-nuclear localization. This competition requires high
calcium levels, which presumably can easily be achieved in calcium microdomains such
as postsynaptic spines, but not in the synapto-dendritic region after extrasynaptic NMDA
receptor activation. Thus, the finding that extrasynaptic NMDA receptor activation leads

to a massive nuclear translocation of Jacob is in line with the hypothesis that the calcium
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concentration in the respective synapto-dendritic compartment determines whether Jacob
will be bound by Caldendrin or by importin-a, and therefore decides Jacob’s subsequent
localization.

Since extrasynaptic NMDA receptor activation triggers the CREB shut-off pathway
(Hardingham and Bading, 2002), it was suggested that Jacob can be involved in this
process. Indeed, nuclear accumulation of overexpressed Jacob prevents CREB
phosphorylation in hippocampal neurons without NMDA receptor stimulation.
Furthermore, nuclear knock-down of Jacob diminishes NMDA-induced CREB
dephosphorylation. Based on these data it has been suggested that translocation of Jacob
into the nucleus, initiated by calcium transients through extrasynaptic NMDA receptors
might play a key role in the regulation of CREB phosphorylation and therefore CREB-
dependent gene transcription. A model for this scenario is illustrated in Fig. 30.

It was shown previously that nuclear accumulation of endogenous Jacob occurs within 2
hours and is already visible 30 minutes after NMDA-receptor activation (Daniela
Dieterich, Ph.D. thesis, 2003). This time course of Jacob’s nuclear accumulation also is in
favour for a role in the regulation of gene transcription (Bading, 2000). Furthermore, it
was shown previously (Dr. Karl-Heinz Smalla, unpublished data) that Jacob exclusively
associated with the RNA-polymerase II-containing euchromatin. It is well known that
unfolding the structure of euchromatin allows regulatory proteins and RNA polymerase
complexes to bind to the DNA sequence and initiate the transcription process (Lodish et
al., 2001). The Jacob localization at sites of active nuclear gene transcription is highly
suggestive for a role in transcription regulation.

Taken together these data suggest a new mechanism of gene regulation by glutamatergic
synaptic transmission: nuclear accumulation of Jacob initiated by calcium flux through
extrasynaptic NMDA receptors triggering CREB shut-off pathway and in consequence
negatively regulate CREB target gene expression (Fig. 30).

It is well known that many of the molecules, which control neuronal survival are regulated
through the activation of CREB. For example, NGF-induced survival of sympathetic
neurons is achieved via the CREB-dependent activation of the anti-apoptotic gene bcl-2
(Riccio, et al., 1999). The expression of brain-derived neurotrophic factor (BDNF) is also
regulated by CREB and is robustly induced by synaptic NMDA receptor activity (Tao et
al., 1998; Hardingham et al., 2002). Similarly, apoptosis caused by blockade of synaptic
NMDA receptors in the developing brain could be in part due to a reduction in synaptic
NMDA receptor-dependent CREB activity (Ikonomidou et al., 1999). Therefore, synaptic

NMDA receptor activation promotes nuclear signaling to CREB and activates anti-
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apoptotic pathways; whereas calcium influx through extrasynaptic NMDA receptors
antagonizes nuclear signaling to CREB, blocks induction of pro-survival genes, and leads
to cell death (Hardingham et al., 2002).

Since extrasynaptic NMDA receptor activation triggers nuclear trafficking of Jacob and
Jacob in turn suppresses CREB phosphorylation, it was hypothesized that Jacob nuclear
accumulation can play a crucial role in blocking pro-survival activity. Indeed, the knock
down of nuclear Jacob by siRNA transfection diminishes cell death in primary
hippocampal cultures after NMDA exposure. Thus, Jacob could be a link between
extrasynaptic NMDA receptors, CREB dephosphorylation and cell death (Fig. 30).

Taken together all these data suggest a novel mechanism of synapse-to-nucleus
communication, which links the activity of NMDA receptors to nuclear signalling events
involved in long-lasting changes in synapto-dendritic architecture and determination of

cell fate: survival versus death.

4.3 Jacob controls the number of synaptic contacts and dendritic arborization via

transcription regulation

Dendrites serve a critical role in neuronal information processing as sites of synaptic
integration. The morphological diversity of dendritic architecture reflects specialized
strategies that neurons have evolved to detect and process incoming information and
patterns of dendritic arborization determine the nature and amount of innervation that a
neuron receives (Jan and Jan, 2003; Miller and Kaplan, 2003). Recent observations
suggest that synaptic activity exert an important influence on neuronal morphology by
regulating the growth and branching of dendrites and the formation of dendritic synapses
(Wong and Ghosh, 2002; Konur and Ghosh, 2005). It was shown that much of the effect
on dendritic branching is mediated by NMDA receptors, and NMDA receptor activation is
required for activity-dependent dendritic development (Rajan and Cline, 1998; Sin et al.,
2002). Many studies indicate that calcium signaling in neurons can regulate dendritic
growth and remodeling, and likely is a key mediator of structural plasticity in the
developing brain (Sin et al., 2002; Konur and Ghosh, 2005; Lohmann and Wong, 2005).
As it was described above, calcium transients through NMDA receptors play an essential
role in the regulation of Jacob’s subcellular localization and this can determine the cell
fate: survival versus death. To investigate functional consequences of the nuclear and
extranuclear localization of Jacob in detail different mutants and wt-Jacob cDNA were

transfected in neuronal cells. Overexpression of nuclear Jacob resulted in drastic changes
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in synapto-dendritic architecture of the hippocampal neurons: nuclear accumulation of
Jacob had a profound negative effect on dendrite elongation, branching and spine
formation. Moreover, the dendritic retraction was preceded by a stripping of synaptic
contacts, suggesting that reduction of synaptic input can be an initial trigger for the
dendritic loss and that Jacob is mainly in control of synapse number. There are many
evidences that dendritic morphology is regulated by synaptic input and that dendrites that
lose contact with presynaptic terminals are not maintained: in somatosensory and visual
systems, dendrites dramatically reorganize in response to synaptic/afferent input; activity
deprivation experiments also suggest that loss of normal activity during development leads
to lasting deficits in dendritic development (Wiesel and Hubel, 1963; Coleman and
Riesen, 1968; Feng and Rogowski, 1980; Lund et al., 1991; Sin et al., 2002);
pharmacological blockade of synaptic activity in vitro and in vivo leads to deficits in
dendritic growth (McAllister et al., 1996; Rajan and Cline, 1998; Redmond et al., 2002).
Synapto-dendritic remodelling after Jacob overexpression is very rapid suggesting that
synapses are actively destabilized and dendritic processes are actively retracted after
nuclear accumulation of Jacob. Long-lasting structural changes in a cell require de novo
protein synthesis and mRNA formation. Therefore, Jacob could either block an essential
nuclear signaling event required to prevent the removal of synaptic input or regulate the
expression of genes that will destabilize synapses.

In contrast extranuclear Jacob overexpression leads to an increased number of dendrites
and formation of PSD-like structures that eventually promote formation of dendritic
protrusions with active synaptic contacts (this aspect will be discussed below in more
detail). Thus, the effect of Jacob overexpression suggests that Jacob signalling to the
nucleus could have an important regulatory influence on the specification of dendritic
morphology in mature neurons.

Since Jacob translocates to the nucleus in response to NMDA receptor activation (Daniela
Dieterich, Ph.D. thesis, 2003), it was suggested that nuclear accumulation of endogenous
Jacob after NMDA receptor stimulation can also lead to synaptic stripping as it was
observed after nuclear accumulation of overexpressed Jacob mutants. Indeed, NMDA bath
application resulted in a reduction of the number of synaptic contacts in hippocampal
neurons; however, pretreatment of the cultures with the transcription inhibitor
actinomycin-D abolishes this effect. These findings further confirm the hypothesis that
nuclear Jacob controls synaptogenesis via transcription regulation (Fig. 30). Furthermore,

the effect of synaptic stripping after NMDA receptor activation was rescued by a specific
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knock down of nuclear Jacob, confirming that Jacob plays a central role in coupling

synaptic activity to changes in gene expression and synapto-dendritic remodeling.

4.4 Jacob determines the size of PSDs in neurons

A specific set of molecules including glutamate receptors is targeted to the
postsynaptic specialization of excitatory synapses in the brain, gathered in a structure
known as the postsynaptic density. The proteins in the PSDs are assembled in highly
ordered arrays attached to the cytoplasmic surface and create an interface between
clustered membrane-bound receptors, cell adhesion molecules and the actin-based
cytoskeleton. In neuronal excitatory synapses, glutamate receptors — NMDA- and AMPA-
type - are cardinal components of the postsynaptic specialization and are highly
concentrated in the PSD. A great variety of scaffolding proteins in the PSD are involved in
the regulation of synaptic function. Key components among these are proteins of the
MAGuKs and ProSAP/Shanks families. Many of the scaffolding proteins in the PSD bind
directly or indirectly to NMDA or AMPA receptors forming a highly organized
biochemical apparatus attached to the cytosolic surface of the postsynaptic membrane
(Kennedy, 2000; Boeckers, 2006).

As it was shown in the present work overexpression of one of the splice variants of Jacob
lacking the C-terminal part triggers formation of large protrusions. Major PSD-scaffolding
proteins like PSD95, ProSAP/Shank and different receptor types - NMDARs and
AMPARs - are highly enriched in these protrusions. Moreover, after extraction of
membranous structures with Triton X-100, insoluble continuous structures are visible in
the scanning electron microscope and these structures are immuno-positive for the major
components of PSDs. These data suggest that overexpression of a Jacob splice isoform
lacking the C-terminal part triggers formation of large PSD-like structures, which are
located in huge protrusions. Furthermore, immunocytochemical analysis revealed that in
most cases a single protrusion overlaps with several Bassoon or Synapsin puncta
suggesting that these protrusions form multiple contacts with a presynaptic terminal.
Consistent with this, several tiny processes connected with a single huge Jacob-induced
protrusion are visible on scanning electron micrographs. Probably, these tiny structures
represent axonal terminals making presynaptic contacts with the protrusions. The presence
of key components of the PSD, receptors and connections with presynaptic terminals
suggest that huge protrusions induced by Jacob overexpression contain functional

synapses.
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There is a lack of data about the size of a typical PSD in neurons because of the

difficulties of quantitative measurement. Disk-like structures around 30—50 nm thick and
up to a few hundred nm wide can be purified with nonionic detergents by differential
centrifugation from cerebral cortex (Carlin et al., 1980). However, it is known that the area
of a PSD correlates well with the spine volume (Harris and Stevens, 1989), since the
typical mature spine in the mammalian brain has a single synapse located at its head and
most synapses have a single continuous PSD per spine (Hering and Sheng, 2001;
Nimchinsky et al., 2002). Dendritic spines come in a wide variety of shapes and sizes,
ranging in volume from less than 0.01 um’ to 1.5 um’. A similar range of PSD sizes was
found in the present study in hippocampal neurons, using scanning electron microscopy.
However, overexpression of the Jacob isoform lacking the C-terminal part leads to
dramatic increase in PSD sizes: almost 2.5 times increase in PSD width and 1.6 times
increase in thickness in comparison with control GFP-transfected or untransfected
neurons.
There are many studies, which demonstrate changes in the morphology of spines, such as
enlargement of the spine head (and PSD size respectively). Activity pattern that induce
long-term potentiation (LTP) - high frequency synaptic stimulation and chemical
treatments - causes spine heads enlargement (Matsuzaki et al., 2004; Okamoto et al., 2004;
Otmakhov et al., 2004; Zhou et al., 2004; Kopec et al., 2006). In contrast, low-frequency
stimulation, which is known to induce long-term depression (LTD), causes some spines to
shrink and, in some cases, to even disappear (Okamoto et al., 2004; Zhou et al., 2004). It is
not known whether the extent of spine shrinkage depends on spine size; however, it was
shown that the extent of LTP-dependent spine enlargement depends on the initial size of
the spine: small spines enlarge, while large spines do not. As a result, the larger a spine
becomes, the harder it is for subsequent enlargement to occur (Matsuzaki, 2006). There is
a suggestion that this property may protect stable retention of memory against changes
induced by further activity and experiences (Fusi et al., 2005). These phenomena arise the
question whether the spine and the PSD have a limited maximal size to grow? It was
shown that LTP-dependent PSD growth followed by formation of discontinuous or
‘perforated’ PSDs (completely partitioned PSDs on one spine) and finally bifurcation of
spines and formation of two (or more) spines contacting the same presynaptic terminal.
Thus, large spines and PSDs break apart, forming at first perforated synapses and finally
new separated spines (Calverley and Jones, 1990; Trommald et al., 1990; Toni et al., 1999,
2001).
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In contrast with this, PSD-like structures induced by overexpression of Jacob can grow up
to huge sizes exceeding the size of typical PSDs in several times. Moreover, Jacob
overexpression triggers formation of the huge PSD-like structures in immature
hippocampal neurons before synaptogenesis take place and only small part of these
protrusions make presynaptic contacts. Therefore, it is plausible to assume that Jacob can
trigger formation and growth of the PSDs in neurons and presynaptic contacts are not
necessary for this process. Furthermore, overexpressed Jacob accumulates almost

exclusively in the protrusions and all of the protrusions contain Jacob.

High synaptic activity Low synaptic activity

—
\

Recruitment of new Synapse dismantling
PSD-components

> Caldendrin m PSD-components @ calcium

@» nportina
= Jacob (O) NMDA receptor

Fig. 31 Jacob determines stabilization and growth of PSDs in neurons.
Jacob recruited via Caldendrin in the extensively activated synapses and this leads to stabilization
of existing PSD and/or recruit new PSD proteins in the synapse.
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Taken together these observations raise the hypothesis that Jacob might be a nucleation
factor and/or a stabilizing factor for the PSD, in other words, presence of Jacob in the
synapse could stabilize existing PSD and/or recruit new PSD proteins in the synapse (Fig.
31).

Interestingly, huge blob-like protrusions, which arise after Jacob overexpression in
hippocampal neurons at DIV 4-11, could not be found at later stages: overexpression of
Jacob in hippocampal neurons at DIV 20-24 resulted in spine enlargement but the effect is
not as prominent as it was shown for younger neurons (Marina Mikhaylova, personal
communications). As it was proposed above, Jacob can be recruited via Caldendrin
binding only in the extensively activated synapses and this recruitment will lead to
stabilization of the synapses. Consistently, immunocytochemical analysis demonstrated
that Caldendrin is enriched in the protrusions induced by Jacob overexpression (Fig. 31).
Therefore, it can be hypothesized that in neurons with many established synaptic contacts
(at DIV 20-24) Jacob is distributed more or less equally between functional synapses. In
turn, the presence of Jacob in the synapse will lead to stabilization of existing PSD and
strengthening of the synapse (Fig. 31). On the other hand, in young neurons there are very
few established synaptic contacts, and Jacob accumulates in these ‘hot sports’ and seems
to recruit all available PSD proteins to these sites. The distribution of all sources of PSD
proteins of the cell between a few number of synapses may lead to formation of huge
PSD-like structures which can be observed after Jacob overexpression in hippocampal
neurons at DIV 4-11.

However, Jacob does not affect synaptogenesis, since Jacob overexpression does not

induce formation of new synapses in young neurons.

Different types of neurons show distinct responses to a variety of environmental signals,
like interaction with neighboring cells, synaptic activity, and growth factors. Part of this
flexibility is probably due to the ability of different stimuli to induce distinct programs of
downstream gene expression (Bartel et al., 1989; Mayr et al., 2001; West et al., 2002). To
investigate whether Jacob has a similar regulatory function in other types of neurons, the
splice isoform of Jacob, that induces the formation of huge PSD-like structures in
hippocampal neurons, was overexpressed also in primary cortical cultures. Transfected
cortical neurons exhibited a similar protrusion phenotype which was observed for
hippocampal neurons. Therefore, Jacob overexpression had a similar effect on cortical and
hippocampal neurons suggesting that Jacob provide the same regulatory mechanism in

different types of neuronal cells.
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6 Abbreviations

The single letter code was used for amino acids and nucleotides

aa amino acid(s)

actD actinomycin-D

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid
bp base pairs

BDNF brain-derived neurotrophic factor

BSA bovine serum albumin

CaM Calmodulin

CaMKIV Calmodulin-dependent protein kinase [V

CaN calcineurin

CaBP1 Caldendrin

cAMP cyclic AMP

cDNA complementary DNA

CICR Ca*"-induced Ca*" release

CMV cytomegalovirus

CNS central nervous system

CRE Ca2+/cAMP-responsive element

CREB Ca2+/cAMP-responsive element binding protein
C-terminus carboxy terminus

DIV days in vitro

DMEM Dulbecco’s modified Eagle’s medium

DMSO dimethylsulfoxide

DNA desoxyribonucleic acid

dNTPs deoxyribonucleoside triphosphates

DRE downstream regulatory element

DREM downstream regulatory element antagonistic modulator
E. coli Escherichia coli

Fig. figure

GFP green fluorescent protein

GluR glutamate receptor subunit

HEPES N-2-hydroxyethylpiperanzine-N’-2-ethanesulfonic acid
HBSS Hank’s balanced salt solution

HS horse serum

IgG immunglobulin G

IF immunofluorescence

Ins(1,4,5)Ps inositol-1,4,5-triphosphate

kb kilo bases

LB Luria-Bertani

LSM laserscan micrographs

LTD long-term depression

LTP long-term potentiation

MAGuK membrane associated guanylate kinase
MAP mitogen-activated protein
MAP2 microtubule-associated protein 2
MAPK mitogen-activated protein kinase
Myr myristoylation

n number of scored cells

nAChR nicotinic cholinergic receptors
NCS neuronal Ca*"-sensor (protein)
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Abbreviations

NFATc4
NLS
NMDA
NR
N-terminus
PBS
PCR
PDZ
PFA

pH

PKA
ProSAP
PSD
PSD95
Ref.
RNA
rpm

RT
SAP90
SDS
SEM
SEM
TAE
Tris

Tris —HCI
tRNA

U
VGCC
WB

wt

nuclear factor of activated T-cells c4
nuclear localization signal
N-methyl-D-aspartate

NMDA receptor subunit

amino terminus

phosphate-buffered saline

polymerase chain reaction

postsynaptic density-95/discs-large/zona occludens 1
paraformaldehyde

potentium hydrogenii

protein kinase A

proline-rich Synapse Associated protein
postsynaptic density

postsynaptic density protein 95
reference

ribonucleic acid

rounds per minute

room temperature

synapse-associated protein

sodium dodecyl sulphate

scanning electron microscopy

standard error of the mean
Tris-Acetate-EDTA
Tris(hydroxymethyl)-aminomethane
Tris(hydroxymethyl)-aminomethanhydrochloride
transfer RNA

unit

voltage-gated calcium channels

western blot

wild type

84



Curriculum Vitae

Curriculum Vitae

Name: Irina Zdobnova
Birthday: 15 July 1977
Place of birth: Ryzan, Russia
Nationality: Russian

Education & Experience:

2002 - 2007 PhD student, Leibniz Institute for Neurobiology, Department of
Neurochemistry and Molecular Biology, Magdeburg

2000 — 2002 Practical training in the Department of Functional Biochemistry,
Institute of Higher Nervous Activity and Neurophysiology,

Moscow, Russia

1995 — 2000 Master of science in physiology from Moscow State University,
Biology Department, Moscow, Russia

1985 —-1995 High School, Ryzan, Russia



Scientific
publications

Scientific publications

e Dieterich, D.C., Karpova, A., Mikhaylova, M., Zdobnova, I., Konig, 1., Landwehr, M.,
Kreutz, M., Smalla, K-H., Richter, K., Landgraf, P., Reissner, C., Bockers, T.,
Zuschratter, W., Spilker, C., Seidenbecher, C.I., Garner, C.C., Gundelfinger, E.D.,
Kreutz, M.R. Caldendrin — Jacob: A Protein Liaison that Controls NMDA Receptor
Signalling to the Nucleus. PLoS Biology, in press.

e Stepanichev, M., Zdobnova, 1., Zarubenko, 1., Lazareva, N., Gulyaeva, N.V. (2006a)
Differential effects of tumor necrosis factor-alpha co-administered with amyloid beta-

peptide (25-35) on memory function and hippocampal damage in rat. Behav Brain
Res. 175(2):352-361.

e Stepanichev, M., Zdobnova, 1., Zarubenko, 1., Lazareva, N., Gulyaeva, N.V. (2006b)
Studies of the effects of central administration of beta-amyloid peptide (25-35):
pathomorphological changes in the Hippocampus and impairment of spatial memory.
Neurosci Behav Physiol. 36(1):101-106.

e Stepanichev, M., Zdobnova, 1., Zarubenko, I., Moiseeva, Y.V., Lazareva, N., Onufriev,
M.V., Gulyaeva, N.V. (2004) Amyloid-beta(25-35)-induced memory impairments
correlate with cell loss in rat hippocampus. Physiol Behav. 80(5):647-655.

e Stepanichev, M., Zdobnova, 1., Yakovlev, A.A., Onufriev, M.V., Lazareva, N.,
Zarubenko, 1., Gulyaeva, N.V. (2003) Effects of tumor necrosis factor-alpha central
administration on hippocampal damage in rat induced by amyloid beta-peptide (25-
35). J Neurosci Res. 71(1):110-120.




	Title
	Acknowledgments
	Erklarung
	Index
	Summary
	Introduction
	Materials and Methods
	Results
	Discussion
	References
	Abbreviations
	Curriculum Vitae
	Scientific publications

