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Zusammenjassun %

1. Zusammenfassung

Um Gene zu finden, die möglicherweise eine Rolle innerhalb der Entwicklung des

Nervensystems spielen, wurde 'RNA. arbitrarily primed PCR' (RAP-PCR) mil

verschiedenen Entwicklungsstadien des Ischiasnerves durchgeführt. Von den so

gefundenen cDNAs wurden sechs ausgewählt und mit Hilfe von Northern Blot

Analyse wurde die mittels RAP-PCR gefundene Regulierung überprüft. Vier

Klone zeigten die gleiche Regulierung wie bei der RAP-PCR. Einer dieser Klone

(NMP35) zeigte signifikante Sequenzhomologie mit dem mutmasslichen

Glutamat-Rezeptor GBP (glutamate-binding protein). Durchmusterung einer

cDNA Bibliothek führte zur Identifizierung einer cDNA mit einen kompletten

offenen Leserahmen (ORF). Ein Vergleich mit der Gen-Datenbank zeigte, class

NMP35 zu einer neuen Genfamilie gehört und signifikante Homologien zu GBP,

dem vermutlichen Drosopluln GBP-Spe/ieshomolog dNMDARAl und zwei

C.elegans Genen besitzt. Ein Vergleich der Expression von NMP35 und GBP zeigte,

dass beide eine ähnliche Regulierung wahrend der Entwicklung haben und in den

gleichen Regionen des zentralen Nervensystems (ZNS) expnmiert werden.

Ausführliche Northern Blot Analyse zeigte, dass NMP35 hauptsachlich im adulten

Hirn und Rückenmark vorkommt. Mit Hilfe von in situ Hybridisierung konnte

gezeigt werden, dass NMP35 mRNA in den meisten Nervenzellen des ZNS

exprimiert wird. Mit Hilfe von Antikörpern gegen Peptide innerhalb des N-

terminalen Teiles von NMP35 und Western Blot Analyse konnten wir

demonstrieren, dass NMP35 Protein ahnlich reguliert ist wie die mRNA und

ebenfalls im gesamten ZNS exprimiert ist. Mit Hilfe dieser Antikörper wurde die

genaue subzelluläre Lokalisation von NMP35 untersucht. NMP35 Protein ist auf

Dendriten stark lokalisiert. Expression auf dem Zellkorper ist weniger stark und

diejenige auf Axonen ist sehr schwach oder nicht detektierbar. Diese Resultate

lassen vermuten, dass NMP35 Protein gezielt in die Dendriten transportiert wird.

Um zu testen, ob NMP35 auch in Synapsen lokalisiert ist, wurde Doppel-

Immunofluoreszenz konfokale Mikroskopie mit Synaptophysin und dem
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Glutamat-Rezeptor GluR2 durchgeführt. Wir fanden, dass NMP35 und

Synaptophysin zwar nicht kolokalisieren, aber jedoch in den selben Regionen

vorkommen. Im Gegensatz dazu kolokalisieren NMP35 und GluR2 in

verschiedenen Teilen des ZNS. Diese Resultate zeigen, dass NMP35

möglicherweise in der Postsynapse lokalisiert ist. Immuno-Elektronenmikroskopie

mit NMP35 Antikörpern zeigt eine starke Färbung in Dendriten und

möglicherweise in einer Subpopulation von Synapsen. Diese Resultate lassen

vermuten, dass NMP35 Protein gezielt in spezifische Synapsen transportiert wird.

Alle Daten zusammengenommen deuten darauf hin, dass NMP35 eine Rolle

innerhalb der Neurotransmission im ZNS spielt.
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2. Summary

In order to identify genes which play a potential role in nervous system

development and maintenance wre performed a differential display screening on

the developing sciatic nerve using RNA arbitrarily primed PCR (RAP-PCR). From

the resulting cDNAs we chose six regulated clones tor Northern blot analysis and

were able to verify the developmental regulation of four of these genes in the

sciatic nerve. One clone (NMP35) showed significant sequence homologies to the

rat glutamate-binding protein (GBP), a putative glutamate receptor. By cDNA

library screening we identified a cDNA containing a full open reading frame

(ORE). Database comparisons revealed that NMP35 is a member of a novel gene

family and shares significant homologies with the GBP, the Drosophila

NMDARA1 and two orphan C. elegam genes. Comparative analysis of NMP35

and GBP expression indicates that they are similarly regulated during

development and display regionally overlapping cellular patterns. Extended

Northern blot analysis showed that NV1P35 is mainly expressed in the brain and

spinal cord and is strongly upregulated during postnatal development. In situ

hybridization studies revealed that NMP35 mRNA is widely distributed

throughout the brain and spinal cord with a neuronal expression pattern. We

raised antibodies against peptides in the N-terminal portion of NMP35 and were

able to show by Western blot analysis that NMP35 protein is regulated in the

same fashion as its mRNA. Furthermore, we demonstrated that NMP35 protein is

widely expressed within the CNS, supporting the in situ hybridization data.

Using these antibodies to analyze the precise subcellular localization of NMP35

within the neurons of the CNS, NMP35 protein was found to be strongly

expressed on dendrites and to a lesser extent on neuronal soma whereas axonal

staining was weak or not detectable. These data suggest that NMP35 is selectively

targeted to dendritic processes. To test whether NMP35 is localized at synapses

we performed double immunofluorescence confocal microscopy with

synaptophysin and the glutamate receptor GluR2. We found that NMP35 and

7
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synaptophysin codistribute whereas NMP35 and GluR2 colocalize to structures in

several regions of the CNS, suggesting a postsynaptic localization of NMP35.

Immunoelectron microscopy with NMP35 antibodies shows a prominent staining

in dendritic processes and possibly in a subset of postsynaptic densities which

suggest a selective targeting of NMP35 protein to spécifie synapses. Taken

together our data support a function of NMP35 in neurotransmission within the

CNS.

8
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3. Introduction

3.1. Overview

An important challenge of organisms is to interact with and respond to their

environment. The organism needs to interpret information coming from its

surroundings as well as from within itself to elicit an appropriate response. In

vertebrates this important function is carried out by the nervous system which

provides rapid communication between widely spread regions of the body. Acting

as a communication network, it controls reactions to different stimuli, processes

information and even controls complex behavior. The nervous system is also able

to adapt and learn. While processing and recording sensory information from the

environment, it undergoes adjustments and fine tuning that result in memory and

an altered behavior m the future.

Tn vertebrates the nervous system consists of the central nervous system (CNS),

including the brain and spinal cord, which is linked by the nerves of the peripheral

nervous system (PNS) to the peripheral tissues. The CNS is a very complex organ

which comprises of a variety of different cell types that interact in a complex

network. Fundamental for the signal transmission are the nerve cells, or so called

neurons. These neurons consist of a cell bodv (soma), where the nucleus and the

majority of the protein synthesis machinery are located. Additionally, a neuron

normally possesses a single axon which conducts the information to the target

cells. A second type of cell processes are the dendrites, which receive signals from

other axons or neurons.

The communication between neurons takes place at specialized sites within the

plasma membrane known as synapses. The presynaptic cell releases

neurotransmitters stored in synaptic vesicles into the synaptic cleft. These

neurotransmitters then diffuse the small distance across the synaptic cleft and bind

q
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to specific neurotransmitter receptors on the postsynaptic cell. These receptors

then trigger the propagation of the signal. Many different neurotransmitters have

been identified to date, some having an inhibitory and others an excitatory ettect

on the postsynaptic cell Ihe ma]or excitatoiv neurotransmitter m the mammalian

brain is glutamate and glutamate receptors are involved in neural plasticity,

neural development and neurodegeneration

Table 1, Characteristics of cloned glutamate receptors, including some putative receptors (adapted
from Micnaehs 1998)

SuDumts Receptor Type Functional Properties
GiuRl AMPA (KA) Glutamate, AMPA, KA-activated

G!uR2 channels, low Ca21 permeability

GluR3

GluR4

GluR5 KA Glutamate and KA-activated channels

GluR6

GluR7

KA1

KA2

KBP-cnick KA No channel function

KBP-trog

Xenul

deltal Orphan receptor No channel function

delta2

NMDAR1 NMDA NMDA-activatod channels, glycine as

NMDAR2A co-agonist low sensitivity to Mq2+
NMDAR2B

NMDAR2C

NMDAR2D

NMDARL Orphan receptor No channel function

GBP

GlyBP

CPP-BP

NMDA receptor like complex Reconstituted NMDA-activated ion

channels, glycine as co-agonist, low

sensitivity to Mg2*
GluCI-a

GluCI-b

CI" channel-forming receptois

mGluRI Metabotropic GluRs mGluRI mGluRS Activation of PLC

mGluR2 mGluR2 mGluR3, mGluR4 mGluR6,

mGluR3 mGluR7 mGluRS Inhibition of adenylate

mGluR4 cyclase

TiGluRb

mGluR6

mGluR7

mGluRS

10



Introduction

During the last decade great progress has been made in the understanding of the

structure, membrane topology and the role of glutamate receptors in health and

disease. Glutamate receptors are widely distributed within the mammalian CNS.

Table 1 (p. 10) shows an overview of cloned glutamate receptors including some

putative, but as yet rmproven receptors. I will mainly focus on the ionotropic

glutamate receptors, metabotropic glutamate receptors and on the glutamate-

binding protein (GBP) complex.

3.2. Ionotropic glutamate receptors

The ionotropic receptors are the largest subfamily of glutamate receptors which is

further subdivided into three broad subfamilies based on their

electrophysiological and pharmacological properties: a-amino-3-hydroxy-5-

methyl-4-isoazole propionate (AMPA) receptors, kainate (KA) receptors and N-

methyl-D-aspartate (NMDA) receptors. These receptors have three membrane

spanning domains (Ml, M3 and M4) and a reentrant membrane loop (M2; Fig. 1,

p. 11) that is probably involved in the formation of the channel pore. Functional

glutamate receptors consist of several subunits. Currently, it is unclear whether

the overall stochiometry is tetrameric or pentameric (Behe et al., 1995; Ferrer-

Montiel and Montai, 1996; Laube et al., 1998; Mano and Teichberg, 1998;

Premkumar and Auerbach, 1997; Rosenmund et al., 1998).

Fig. 1, Proposed membrane topology of ionotropic glutamate receptors.
Ionotropic glutamate receptors have three transmembrane domains (MR M3 and M4) and a loop
inserted into the plasma membrane (M2). This loop is probably facing the pore of the channel. In

some receptor subunits RNA editing occurs which leads to a Q/R exchange in the M2 loop (see text

for further details).
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3.2.1. AMPA receptors

Four AMPA receptor subunits have been identified to date, termed GluRl, GluR2,

GluR3 and GluR4. All subunits can form functional homomeric as well as

heteromeric channels. Activation by AMPA leads to a fast response with a rapid

desensitization (Fig. 2, p. 12; Dingledine et al., 1999). In contrast, AMPA receptors

can also be activated by KA which also induces a fast response but with a slow

desensitization, Activated receptors are permeable for Na+, K+ and, in the absence

of the edited GluR2 subunit, for Ca2+ (for review see Dingledine et al., 1999 and

next paragraphs). AMPA receptors are thought to be involved in all forms of fast

glutamatergic neurotransmission

400 ms

NMDA AMPA KA NMDA

GYKI53655

AMPA

/1100
I PA

300

IpA V-J

f

400

IpA

r

I 100

I PA
30

pA

KA

30

PA

Fig. 2. Membrane currents mediated by activation of different ionotropic glutamate receptors.
Membrane currents recorded in a microcultured hippocampal neuron before and after blockage of

AMPA receptors by GYKI53655. AMPA receptors show a large rapidly desensitizing current which

is blocked by the selective antagonist GYKI53655. KA receptors are normally masked by a large
non-desensitizing response generated by KA activation of AMPA receptors. Only after blockage of

AMPA receptor by GYKI53655 are KA receptor currents visible. Under both conditions NMDA

receptors (activated in the presence of glycine) show a slow response and desensitization (adapted
from Lerma etat, 1997).

Additional receptor diversity is created by alternative splicing of the GluR RNAs

(for review see Dingledine et al., 1999). GluRl-4 all exist in the flip or flop form

which are derived from RNAs with an alternatively spliced exon in the region

coding for the extracellular domain between the third and forth transmembrane

domains. Interestingly the flip form is expressed pre- and postnatally whereas the

flop form is expressed exclusively postnatally. These alternative splicings have

fundamental effects on the receptor as the flip form desensitizes more slowly and

less profoundly than the flop form. Furthermore, there are splice variants of GluR2

and GluR4 that have different C-terminal ends. These C-terminal splice forms may

12
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bind to different intracellular components and could, therefore, influence receptor

targeting within a neuron (see chapter 'Glutamate receptor targeting' p. 20 for

details).

Additionally, a very special RNA modification occurs in the RNA coding for the

GluR2 subunit. The R residue within the M2 domain is a result of RNA editing (for

review see Seeburg et al., 1998). The gene codon for the amino acid residue at this

position is GAG which codes for Q and not CGG for an R. lire pre-mRNA for

GluR2 is probably modified by a double stranded RNA dependent adenosine

deaminase. The efficiency of this en/vme is very high (around 90%). This

modification is physiologically very important. GluRI, GluR3, GluR4 and

unedited GluR2 are all permeable to Ca-r. The modification of GluR2 makes

channels containing this subunit impermeable to Ca2+ (Hume et al., 1991). The

importance of this feature is seen in transgenic mice which have a mutation in one

allele making RNA editing at the Q/R site impossible. These mice display seizures

and die during the first 3 weeks of age (Brusa et al., 1995). Measurements in

several neuronal cell types showed a 5-fold increase of Ca-+ permeability of

AMPA receptors.

3.2.2. Kainate receptors

Five different KA receptor subunits have been described, termed GluR5, GluR6,

GluR7, KA1 and KA2. GluR5 and GluRô form functional homomeric channels

whereas GluR7, KA1 and KA2 fail to iorm functional homomeric channels.

However, they contribute to functional heteromeric channels if expressed with

GluR5 and GluR6. Activated receptors are permeable to Na4, K^ and, in the

absence of edited GluR5 and GluRô, to Ca2+ (for review see Dingledine et al., 1999

and next paragraph). The fact that KA also activates AMPA receptors made it verv

difficult to functionally analyze KA receptor properties. Now there are AMPA

receptor specific antagonists available and, therefore, the functional properties of

KA receptors can be studied (Fig. 2, p. 12; Paternain et al., 1995). By using these

13
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antagonists, it was shown that KA receptors are not mediating fast synaptic

transmission in the hippocampus (Lerma et al., 1997). However, it was recently

shown that KA receptors are activated in mossv fiber contacts on CA3 pyramidal

neurons by summation during repetitive stimulation (Castillo et al., 1997; Vignes

and Collingridge, 1997). AMPA and KA receptors have similar activât!on-

inactivation kinetics and the same affinity for glutamate (Lerma et al., 1997). One

could expect that these two subtypes of receptors would mediate a similar

response if they are both localized at synapses. One explanation would be an

unidentified KA receptor with low glutamate affinity. Another, more plausible

explanation is that KA receptors are localized extrasynaptically and are activated

by glutamate spilling over from synapses (Lerma et al., 1997).

There are also splice forms of GluR5, GluR6 and GluR7 which have different C-

termini (for review see Dingledine et al., 1999). Again, this might be a way to

selectively target these receptors within a cell (see chapter 'Glutamate receptor

targeting' p. 20 for details). Similar to GluR2 the KA receptor subunits GluR5 and

GluRô are edited on the RNA level. These subunits also have a Q to R change in

the M2 domain leading to decreased Cà)v permeability. Furthermore, there are

two other amino acids residues in the first transmembrane domain of GluRô

which are changed by RNA editing, namely an 1 to a V and a Y to C (for review

see Seeburg et al., 1998).

3.2.3. NMDA receptors

Five NMDA receptor subunits have been identified to date: NR1, NR2A, NR2B,

NR2C and NR2D. Only NR1 is able to form functional homomeric channels

whereas NR2A-D only work if expressed in a complex with NR1. Unlike

AMPA/KA receptors, NMDA receptors are not involved in fast glutamatergic

neurotransmission. Instead these receptors respond more slowly to glutamate and

also show a slow desensitization (Pig. 2, p. 12; Dingledine et al., 1999). This slow

response is caused by a voltage dependent blockage oi the channel pore by Mg2*-

14
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(Mayer et al., 1984; Nowak et al., 1984). Depolarization removes the Mg2+ blockage

and makes the channel permeable to Na+
,
K+ and Ca24. However, not only

depolarization but also binding of glutamate and the co-agonist glycine are

required for efficient opening of the channel (Johnson and Ascher, 1987; Kleckncr

and Dingledine, 1988). These special properties qualify NMDA receptors as

coincidence detectors and, therefore, makes it very likely that they are involved in

synaptic plasticity and memory formation. One form oi plasticity is long-term

potentiation (LTP) whose induction requires NMDA receptor activation (Bliss and

Collingridge, 1993). Transgenic mice with a restricted deletion of the NRl gene in

pyramidal neurons of the CA1 field of the hippocampus lack NMDA receptor

mediated postsynaptic currents and formation of LTP in this area of the brain

(Tsien et al., 1996). These mice also have impaired spatial memory showing that

NMDA receptor activity as well as LTP is required for at least one form of

memory.

There are several splice variants of NRl which differ in an exon located in the N-

terminal extracellular loop and the C-terminus (for review see Dingledine et al.,

1999). The splicing in the extracellular domain influences the binding properties oi

the receptor whereas the splicing of the C-terminus may play a role in distribution

and targeting of the receptor subunit (see chapter 'Glutamate receptor targeting' p.

20 for details).

3.3. Metabotropic glutamate receptors

In contrast to the ionotropic receptors metabotropic glutamate receptors do not

form channels. These receptors are seven-transmembrane domain proteins

coupled to second messengers by G-proteins (Fig. 3, p. 16). Eight subtypes of

metabotropic glutamate receptors have been identified to date: mGluRI-mGluRS.

These subtypes are subdivided into three groups according to their sequence

homologies, signal transduction pathways and pharmacological properties. Group

I consists of mGluRI and mGluR5 and activate protein kinase C (PKC). Group II

15
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includes mGluR3 and mGluR4 and inhibit adenylate cyclase. Group III with

mGluR4, mGluRô, mGluR7 and mGluR8 also inhibit adenylate cyclase but with a

lower efficacy than the group II receptors.

Fig. 3. Proposed membrane topology of metabotropic glutamate receptors.

Metabotropic glutamate receptors have seven membrane-spanning domains and a large N-terminal

extracellular domain. The intracellular C-terminus is responsible for the interaction with G-proteins.

Several splice forms of the metabotropic receptors have been identified which

have different C-termini. These changes result in distinct characteristics of the

receptors (Joly et al., 1995; Pin et al, 1992). Additionally, these different C-termini

might be involved in receptor targeting and anchoring (see chapter 'Glutamate

receptor targeting' p. 20 for details).

Activation of metabotropic glutamate receptors has various effects within a cell

(Fig. 4, p. 17). Group 1 receptors block K+ channels, regulate NMDA and AMPA

receptors as well as other Ca2+ channels. Group II and TII mainly inactivate

voltage-sensitive Ca2+ channels. By regulation of Ca2+ levels metabotropic

glutamate receptors located in the presynaptic membrane regulate the release of

glutamate (for review see Pin and Bockaert, 1995).
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Fig. 4. Putative roles of metabotropic glutamate receptors
Located on the postsynaptic membrane, mGluRs can modulate the activity of the ionotropic NMDA
or AMPA receptors, and ionic channels responsible for modulating the postsynaptic responses,
which include Ca2+-activated K+ channels (BKs), the inward rectifier K+ channels (IKs) or the L-type
voltage-sensitive Ca2+ channels (L-VSCC) Located on the presynaptic membrane, mGluRs may

potentiate the glutamate release process by activating protein kinase C (PKC) or potentiating the

activity of Ca2+ channels. Alternatively, they may inhibit the glutamate release process by inhibiting
N-type voltage-sensitive Ca2+ channels (N-VSCCs) DAG, diacylglycerol; IP3, inositol triphosphate
(adapted from Pin and Bockaert, 1995).

3.4. The GBP complex

A third family of putative glutamate receptors has been identified with the cloning

of the glutamate-bindmg protein (GBP) which was originally purified from

synaptic membranes as part of a four protein complex that showed an NMDA-

displaceable glutamate binding (Eaton et ak, 1990; Kumar et al., 1991; Ly and

Michaelis, 1991). Other members of this complex are the carboxy-

piperazinylphosphonate (CPP)-bmding protein and the glycine-binding protein

(GlyBP) which carries two short sequence stretches with high homology to the

glycine-binding domain of NRl (Kumar et ai., 1995; Kumar et al., 1998). The forth
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subunit is a 36 kDa uncharacterized protein. A recent study demonstrated that

NRl and GBP are expressed in the same regions of the brain (Sato et ak, 1995).

However, further studies are required to show whether the GBP complex is

interacting with NR1/NR2 receptor complexes or whether it is acting

independently. In the latter case it is important to elucidate the role of the GBP

complex. A similar complex of proteins displaying NMDA-receptor properties

was identified by an independent group (Ikin et ak, 1990). The molecular weight

of the proteins forming the complex and the ligand binding properties of this and

the GBP complex are very similar but it remains to be clarified whether their

compositions are identical (reviewed bv Michaelis, lc)93).

GBP does not share significant sequence homologies to other glutamate receptors,

but accumulating evidence supports a role tor GBP in glutamatergic

neurotransmission. Although GBP does not form functional homomeric ion

channels if expressed in oocytes, reconstitution of the partially purified proteins of

this four protein GBP complex results in the formation of an NMDA-receptor ion

channel (Hoffman et ak, 1996; Ly and Michaelis, 1991).

NMDA-induced neurotoxicity experiments in cultured neurons also suggest a

functional role for the GBP protein in NMDA signaling, hi vitro, basic fibroblast

growth factor (bEGF) has been shown to have a neuroprotective effect on neurons

treated with glutamate (Freese et ak, 1992). This is associated with a concomittant

downregulation of GBP but not GluRl mRNA expression in these neurons

(Mattson et ak, 1993). In addition, downregulation oi GBP expression by antisense

oligonucleotides in cultured neurons results in a reduced neurotoxic effect of

NMDA in vitro without affecting other glutamate receptor levels (Hoffman et ak,

1996; Mattson et ak, 1993; Mattson et al, 1991). These results are supported by

experiments with the neuroleptic drug haloperidol which affects the glutamatergic

system by inducing an increase of GBP transcripts as well as other glutamate

receptor subunits in specific regions ot the brain (Eastwood et ak, 1996).

18
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3.5. Regulation of glutamate receptor activity

An important mechanism to regulate glutamate receptor activity is by

phosphorylation and subsequent dephosphorylation of the intracellular domains

of the receptors (for review see Smart, 1997). Generally it can be said that

phosphorylation uniformly enhances glutamate receptor activity whereas

dephosphorylation has the opposite effect (Michaelis, 1998). Key players in these

processes are protein kinase C (PKC), cyclic AMP-dependent kinase (PKA) and

Ca2h/calmodulin-dependent kinase 11 (CaMKTl) which potentiate

AMPA/KA/NMDA receptors (for review see Smart, 1997). A special regulation of

AMPA receptor phosphorylation is achieved by activation of NMDA receptors

which leads to enhanced Ca2h entry, increased phosphorylation of CaMKTl,

followed by increased phosphorylation of AMPA receptors (Tan et ak, 1994).

Furthermore, phosphorylation of NMDA receptors by PKC leads to decreased

affinity of Mg2+ which normally blocks the pore (Chen and Huang, 1992). In

addition to modulation by serine /threonine kinases, protein tyrosine kinases

(PTKs) also play an important role in glutamate receptor regulation. In synaptic

membranes tyrosine phosphorylation is not present on AMPA and most KA

receptors as well as on NRl (Lau and Huganir, 1995). In contrast, NR2B is strongly

phosphorylated on tyrosine residues (Moon et al, 1994).

Phosphorylation seems to be a mechanism to regulate the synaptic strength of a

synapse and, therefore, is essential for synaptic plasticity. Src and Fyn are non¬

receptor protein tyrosine kinases which are able to phosphorylate NR2A and

NR2B resulting in an increased NMDA receptor mediated responses (Kohr and

Seeburg, 1996). This tyrosine phosphorylation seems to be important for LTP.

Inhibition of PTKs blocks induction of LTP in the CA1 field of the hippocampus

and transgenic mice with deleted fyn alleles show impaired LTP and spatial

learning (Grant et ak, 1992). Blocking of Src activation by applying a blocking

peptide also inhibits LTP (Lu et al., 1998). Other transgenic animals deficient for
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either PKCy or CaMKIIa have impaired or deficient LTP (Abeliovich et ak, 1993;

Abeliovich et ak, 1993; Silva et ak, 1992).

On the other side there are protein phosphatases which regulate the

phosphorylation levels of proteins. Ot special interest in the synapse is the

Ca2+/calmodulin~dependent phosphatase 2B (calcineurin). Activation ot

calcineurin leads to enhanced NMDA receptor desensitization. The importance of

phosphatase is shown by transgenic mice overexpressing calcineurin in the

hippocampus leading to a defect in LTP (Mansuy et ak, 1998). Altough glutamate

receptor phosphorylation has not been analyzed m most of these mutants it seems

that both, kinases and phosphatases, may be necessary to establish the correct

balance of phosphorylated and unphosphorylated glutamate receptors.

A similar balance in phosphorylation is seen in the metabotropic glutamate

receptors mGluRI and mGluR5. These receptors are coupled to IP? and increase

intracellular Ca2h levels. They also have very similar agonist responsiveness (Abe

et ak, 1992; Nakanishi, 1992). Interestingly, in cell lines expressing recombinant

receptor, mGluRI induces a single-peaked, non-oscillatory Ca2+ increase whereas

mGluR5 induces Ca2+ oscillation (Kawabata et ak, 1996). This difference is due to a

PKC phosphorylation site in mGluRS which is absent in mGluRI. Phosphorylation

of mGluR5 abolishes Ca2f increase by interfering with the signal transduction

pathway, subsequent dephosphorylation restores this pathway leading to

increased intracellular Ca2t (Nakahara et al., 1997).

3.6. Glutamate receptor targeting

There are many different glutamate receptors with different subtype composition

that have distinct physiological properties. The question arises whether these

receptors are all expressed in the same synapse or whether there is a mechanism

bv which glutamate receptors are selectively targeted to selected synapses. There

is accumulating evidence that there must be a selective targeting of receptors to
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specific synapses. For example, m cerebellar Purkinje cells glutamate receptor

localization at climbing fiber and parallel fiber synapses changes with ongoing

development (Zhao et ak, 1998). Additionally, m iusiform cells of the dorsal

cochlear nucleus GluR4 and mGluRLa are only iound in a subset of synapses

(Rubio and Wenthold, 1997).

The mechanisms bv which receptors are targeted, anchored and reinternalized

within neurons are not well understood. However, numerous proteins have been

identified that are involved in clustering and anchoring of receptors to the

cytoskeleton. One of them is gephyrin which is responsible for the clustering of

glycine receptors at the postsynaptic density (PSD; Feng et ak, 1998). Another such

protein is GABAa receptor associated protein (GABARAP) which crosslinks

GABAa receptors to the cytoskeleton (Wang et ak, 1999). A similar function is

carried out by the microtubule-associatecl protein IB (MAP-IB) on GABAc

receptors (Hanley et ak, 1999). Playing a central role in the PSD is a steadily

growing family of proteins related to the Drosoplula protein Discs large (Dig;

Woods and Bryant, 1991). This family is characterized bv their PDZ domains

which bind to specific C-terminal peptide sequences.

GRIP, Pickl and ABP are PDZ domain proteins interacting with some AMPA

receptors subtypes (Dong et ak, 1997; Snvastava et ak, 1998; Xia et ak, 1999). These

proteins have several PDZ domains one of which binds to the very C-terminus of

the receptor. Additional PDZ domains can form homo- and hetereomultimers

leading to clustering of receptors. PSD-95 is another protein with three PDZ

domains. The PDZ1 and PDZ2 domains of PSD-95 interact specifically with the C-

terminal portion ot Shaker-type K+ channel subunits as well as with NMDA

receptor 2 (NR2) subunits leading to the clustering of these proteins (Hsueh et ak,

Î997; Kim et ak, 1997; Kim et al., 1995; Kornau et ak, 1995; Muller et ak, 1995;

Niethammer et ak, 1996). Interestingly, even though GRIP and ABP bind each

other bv PDZ-PDZ domain interaction, they do not interact with PSD-95
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(Srivastava et ak, 1998). It seems that AMPA and NMDA receptor binding PDZ

proteins form distinct complexes which potentially also contain other proteins. For

example, nitric oxide synthase can bind to PDS-95 and can be localized in this way

close to NMDA receptors (Brenman et ak, 1996). CR1PT, another postsynaptic

protein, binds to PDZ3 of PSD-95 and additionally to tubulin, providing a possible

link between PSD95 (and subsequent of NMDA receptors) to the cytoskeleton in

the synapse (Niethammer et al., 1998) SvnGAP is a synaptic Ras-GTPase

activating protein that can associate with PSD-95 and related proteins (Kim et ak,

1998). This protein stimulates the GTPase activity of Ras, suggesting a negative

regulation of Ras. As mentioned above metabotropic glutamate receptors are

coupled to G-proteins and can regulate NMDA receptors by PKC activation.

Therefore, SvnGAP may be another player involved in the modulation of NMDA

receptor activity (Kim et ak, 1998).

3.7. Glutamate receptors and neurodegeneration

Even though glutamate is an essential component of excitatory neurotransmission

it also has its disadvantages. If neurons are exposed to high glutamate

concentrations for too long they will die. To prevent this critical situation neurons

and surrounding glial cells express a high efficiency glutamate transporter system

to clear glutamate from the synaptic cleft (for review see Kanai, 1997). Several

reports have described reduced glutamate levels in the brain and increased levels

in the cerebrospinal fluid of patients suffering from Alzheimer's disease,

amyotrophic lateral sclerosis and Huntington's disease (Choi et ak, 1987; Perry

and Hansen, 1990; Pomara et ak, 1992). Furthermore, tissue obtained from patients

suffering from these diseases display a decrease m glutamate uptake compared to

normal controls (Palmer et ak, 1986; Plaitakis et al., 1988; Rothstein et ak, 1992).

These studies demonstrate the importance of these transporters and suggest that

aberrant glutamate metabolism is involved in some neurodegenerative diseases.
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The exact molecular mechanisms by which this neurotoxicity leads to cell death

are still not completely understood. In a potential pathway excessive NMDA

receptor activation induces a massive Ca2+ influx leading to abnormal high levels

of intracellular Ca2+ and subsequently to increased levels of mitochondrial Ca2+

(Fig. 5, p. 23; for review see Montai, 1998). This increased Ca2+ concentration

attenuates the mitochondrial membrane potential (AW) causing an opening of the

mitochondrial inner membrane permeability transition pore (PTP). Opening of the

PTP allows fluxes of ions and small molecules resulting in a collapse of AML At this

point mitochondria are no longer functional and, therefore, the level of ATP

steadily decreases. Ca2+ is released from the mitochondrial stores and accumulates

in the cytoplasm. Additionally, free radicals are released which also contribute to

cell death.

NMDA

Receptor

[Glu]0

*
Reverse trasnport

of glutamate

t
Breakdown

of ion gradients

Fig. 5. Schematic representation of a potential pathway leading to neuronal cell death.

(see text for explanation, adapted from Montai, 1998)

Another consequence of ATP depletion is a breakdown of membrane ion

gradients as many of the ion pumps are ATP dependent. This breakdown leads to
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a reverse transport of glutamate out of the cell (Niebülls and Attwelk 1990). This

increased extracellular glutamate concentration activates NMDA receptors,

closing this cycle leading to neuronal cell death. However, it is not easy to predict

where this cycle starts. In anoxia or ischemia, it is likely that reduced oxygen levels

cause ATP depletion which may initiate the cycle. In the sporadic form of ALS

aberrant glutamate transport results in too high concentration of extracellular

glutamate (Lin et ak, 1998). These two examples show that the starting point of

neuronal degeneration is dependent on the disease or the injury. It also needs

mentioning that this model is far from being complete and other components such

as the apoptosis-related Bcl-2 gene family are also involved (for review see

Pettmann and Elenderson, 1998).
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4. Aim of the thesis

The mammalian nervous system is a very complex organ. A variety of different

cell types interact with each other to lorm a distinct network. The formation and

maintenance of this organ requires mechanisms which are temporally and

spatially very well controlled. The goal of this project was to identify genes which

are regulated during the development of the nervous system. Developmental

regulation seems to be a good criterion for genes functionally involved in these

processes in vivo. We used RNA arbitrarily primed PCR (RAP-PCR) to identify

several cDNA clones which are regulated during the development of the postnatal

sciatic nerve.

The second goal was to describe and characterize candidate genes found in the

RAP-PCR screening approach. This description included Northern blot analysis to

describe tissue distribution of these genes and in situ hybridization to identify the

cell types within these tissues which express the gene. Finally, by using antibodies

against the encoded protein the precise subcellular localization within the cell was

addressed. All these data have helped to postulate a possible function for these

genes within the development and maintenance of the nervous system and have

enabled further experiments to test these hypotheses.
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5.1.1. Abstract

We have identified and isolated a cDNA that codes for the novel protein NMP35

(neural membrane protein 35) using RNA arbitrarily primed PCR (RAP-PCR) for

differential display in the developing rat sciatic nerve. NMP35 is predominantly

found m the adult nervous system where both transcripts and protein are

strongly upregulated during postnatal development. In situ hybridization studies

show that NMP35 mRNA is widely distributed in the brain and spinal cord with

a neuronal expression pattern. Database comparisons reveal that NMP35 shares

significant homologies with the rat glutamate-binding protein (GBP), the

Drosophila NMDARAl and two orphan C. elegans genes. Comparative analysis of

NMP35 and GBP expression indicates that they are similarly regulated during

development and display regionallv overlapping cellular patterns. We conclude

that NMP35 and GBP are members ot a gene family which is likely to play a role

in the development and the maintenance of the nervous system.
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5.1.2. Introduction

The vertebrate nervous system is divided into the peripheral nervous system

(PNS) and the central nervous system (CNS). During PNS development, neural

crest stem cells migrate out of the neuroepithelium at mid-embryogenesis and

differentiate into autonomic and sensory neurons as well as glial cells (Anderson,

1997). However, terminal differentiation is achieved only postnatally accompanied

by the formation of myelinated axonal tracts. The CNS derives from the

neuroepithelial cells of the neural tube along the entire length of the embryo (Gage

et ak, 1995; Stemple and Mahanthappa, 1997). The posterior portion develops into

the spinal cord while the anterior neural tube flexes and gives rise to the brain.

The neural tube stem cells undergo regionalized patterning to form the neuromers

which determine the specific regions of the brain (Rubenstein et ak, L998).

Neuroepithelial cells of individual neuromers proliferate and differentiate at

different rates but generally, the majority of neurons arc born prenatally and glial

cells predominantly after birth. An exception to this rule are the granule neurons

of the cerebellum which originate from a second germinal zone, the EGL, between

postnatal day 4 and 15 followed by terminal differentiation and extensive synapse

formation (blatten et ak, 1997; Hatten and Heintz, 1995). An extensive cascade of

signals is required to guide these cells through differentiation and migration

resulting in a complex organ with intense communication between its cells (Htvtten

et ak, 1997; Hatten and Heintz, 1995). In particular, a balanced regulation of

synaptogenesis is required to ensure correct information processing. At synapses,

information is carried by neurotransmitters released from the presynaptic neuron

into the synaptic cleft and signal transduction is propagated by specific receptors

on the postsynaptic membranes. In the mammalian brain, glutamate is the major

excitatory neurotransmitter and glutamatergic neurotransmission is involved in

motor control, sensory processing and learning and memory (Liu et ak, 1995;

Nicolle et ak, 1996; Salt and baton, 1996; Yamada et ak, 1997). Most interestingly,

since the activity of NMDA receptors also plav a role in the fine tuning and
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strengthening of synapses, a regulatory role of glutamate during synaptogenesis is

likely (Goodman and Shatz, 1993; Hall and Sanes, 1993).

In addition to neurotransmission, maintenance of glutamate signaling in the brain

is critical for homeostasis and in disease. It has been proposed that low oxygen

levels in the brain during ischemia and anoxia lead to a break-down in ion

gradients resulting in a reverse transport of glutamate out of the cell and into the

extracellular space (Nicholls and Attn ell, 1990) These increased glutamate levels

induce an influx of cations, particularly Ca2k into surrounding neurons resulting

in cell death.

The main components of glutamate-mediafed signaling are receptors for signal

propagation and transporters which are thought to be responsible for the rapid

removal of glutamate from the synaptic cleft (for review see Kanai, 1997). Two

subfamilies of glutamate receptors have been identified to date. The larger

subfamily of ionotropic receptors includes the NMDA-, AMPA- and kainate

receptors which are subunits of membrane cation channels (reviewed Hollmami

and Heinemann, 1994). The second subfamily comprises the seven membrane-

spanning metabotropic receptors which couple to G proteins as second

messengers (reviewed bv Nakamshi, 1994)

A third class of potential glutamate receptors was reported with the identification

of the glutamate-binding protein GBP (Eaton et ak, 1990; Kumar et ak, 1991; Ly

and Michaelis, 1991). This protein shares no significant sequence homology to

other glutamate receptors and was isolated as a component of a multimeric

complex which displays NMDA-displaceable glutamate binding (Kumar et al.,

1991). However, due to the lack ot homology to other cloned glutamate receptors

and the inability to form functional homomeric ion channels, the nature of GBP as

a bona fide glutamate receptor remains to be clarified (Hollmann and Heinemann,

1994).
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In this study we have used a modified RNA arbitrarily primed PCR (RAP-PCR)

method incorporating single strand conformation polymorphism (SSCP; Mathieu-

Daude et ak, 1996; Welsh et ak, 1992) to identify genes that are regulated during

development of the nervous system We have identified, isolated and cloned

NMP35 which shows a high degree oi homology to GBP. Expression of NMP35 is

restricted to the nervous system and is regulated throughout development. In situ

hybridization reveals pronounced expression of NMP35 transcripts in a variety of

neuronal cell types in various regions of the CNS. Furthermore, comparison ot the

temporal and spatial expression patterns of NMP35 and GBP indicates a striking

correlation in their developmental regulation and cellular specificities.
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5.1.3. Results

5.1.3.1. Identification of developmentally regulated genes in the rat sciatic nerve

by RNA fingerprinting using RAP-PCR

To identify genes which might be involved m the development and maintenance

of the nervous system, we used RAP-PCR to perform RNA fingerprinting in the

developing rat sciatic nerve. cDNA was generated from total RNA of postnatal

day 3 (P3), 14 (P14) and 60 (P60) nerves and used to carry out RAP-PCR with three

different arbitrary oligonucleotide primers. A number of bands were identified

with significant developmental regulation The cDNA fragments represented by

these bands were further analyzed on SSCP gels to separate the regulated species

from possible unregulated ones with the same length on the original PCR gel

(Mathieu-Daude et ak, 1996; Fig. 6, p. 32). The 209 base pair product RAP-6B

(marked with an asterisk) was detectable in adult sciatic nerve-derived RNA but

not in RNA isolated from the younger ages (Fig. 6, p. 32). Thus, this fragment was

cloned for further analysis.

5.1.3.2. Cloning and analysis of the regulated R7ÏP-6B clone reveals a gene family

Northern blot analysis with the RAP-6B fragment as a probe confirmed the

putative developmental regulation in the rat sciatic nerve and revealed a

prominent expression in the adult brain (data not shown). Based on this

information a rat brain lambda Zap II cDNA library derived from six week-old

animals was screened with the RAP-6B fragment. A clone containing a cDNA

insert of 1291 bp was isolated. The coding region ol the identified open reading

frame (ORE) starts with an ATG contained within a sequence (ACACCATGA)

which is in good agreement with the CC(AG)CCATG(G) Kozak translation-

initiation consensus sequence (Kozak, 1984). The predicted, encoded polypeptide

consists of 316 amino acids with a calculated molecular weight of 35 kDa (Fig. 7A,

p. 33) and contains one consensus site lor N-linked glycosylation.
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Fig 6. RAP-PCR and SSCP gel analysis of the regulated RAP-6B clone.

A The regulated RAP-PCR product RAP-6B (marked with an asterisk) can be detected in the

postnatal day 60 sciatic nerve but not at younger ages (P14 and P3). The PCR reactions were

performed on cDNA derived from 25, 50 and 100 ng of RNA. B SSCP gel analysis of the isolated

and reamplified RAP-6B DNA fragment shows the two strands of DNA (marked with arrow heads)
and confirms the developmental regulation between P3, P14 and P60.

Secondary structure predictions and the hydrophilicity profile according to Kyte-

Doolittle (Kyte and Doolittle, 1982) of the primary peptide structure indicate a 106

amino acid-long cytoplasmic N-terminal tail and seven potential membrane-

spanning domains (Fig. 7B, p. 33). Database comparisons reveal that the protein

shares 42% amino acid identity to rat GBP (Kumar et ak, 1991), 42% identity to the

Drosophila NMDARAl (dNMDARAl; Pellicena-Palle and Salz, 1995) and

approximately 40% Identity to the two C elegans ORFs F40F9.1 and F40F9.2

(Genebank Ace. Nr. Z70753; Fig. 8, p. 34). In particular, the hydrophobic regions of

the proteins show a high degree of conservation and based on these findings we

propose that they belong to the same family. In agreement with its characteristics

and expression pattern we have named the polypeptide encoded by the RAP-6B

clone neural membrane protein 35 (NMP35).
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CCCCTTCCTCGAGAGACGACACCATGACCCAGGGAAAGCTCTCTGTGGCTAACAAGGCCCCTGGGACTGAGGGGCAGCAG 80

MTQGKLSVANKAPGTEGQQ 19

CAGGCAAATGGAGAGAAGAAGGATGCCCCAGCAGTGCCCTCGGCACCACCCTCCTACGAGGAGGCCACCTCTGGAGAGGG 160

QANGEKKDAPAVPSAPPSYEEATSGEG 46

GCTGAAGGCAGGGGCCTTCCCCCAGGGTCCCACAGCTGTACCACTCCATCCAAGCTGGGCCTATGTGGACCCCAGCAGCA 240
L K A G A F P Q G P T A V P L H P S W A Y V D P S S S 73

GCTCTGGCTATGAAGGTGGTTTCCCTGCAGGACACCATGAGCTT'TTCAGCACCTTCAGCTGGGATGACCAGAAAGTTCGT 320

SGYEGGFPACHHELFSTFSWDDQKVR 99

CAGCTTTTCATCAGAAAGGTCTÄTACCATCCTGTTGGTTCAGCTGCTGG I'GACCTTGGCTGTGGTGGCTCTCTTTACCTT 400

Q L F I R K V Y T I I, L V O L L V T L A V V A L F T F. 126

CTGTGACGTCGTTAAGGACTATGTCCAGGCCAACCCAGGCTGGTACTGGGCATCCTATGCCGTATTCTTTGCAACATACC 480

C D V V KDYVQANPGWY W A S Y A V F F A T Y L 153

TGACTCTGGCTTGCTGTTCTGGGCCCAGGAGACACTTCCCTTGGAACCTGATTCTGCTGACCATCTTTACCCTGTCCATG 560

T L A C C S G P R R H F P W N L I . L L T I F T L S M 179

GCCTACCTCACTGGGATGCTGTCCAGTTACTACAACACCACGTCTGÎCCTGCTGTGCCTGGGCATCACAGCTCTTGTCTG 640

AYLTGMLSSYY N T T S V L h C L G I T A L V C 206

CCTCTCAGTCACCATCTTCAGTTTCCAGACCAAGTTTGACTTCACCTCCTGTCACGGTGTGCTATTTGTACTGCTCATGA 720

L S V T I F S F Q T K F D F T S C H G V L F V L L M T 233

CTCTCTTCTTCAGTGGACTCCTCCTCGCCATCCTCCTGCCCTTCCAATATGTCCCCTGGCTCCACGCCGTCTATGCTGTG 800

L F F S G L L L A I L L P F O Y V P W L H A V Y A V
...

259

CTAGGAGCGGGTGTGTTCACGTTGTTCCTGGCATTTGATACCCAGCTGCTGATGGGTAACCGTCGACACTCGCTGAGTCC 880

LGAGVFTLFLAF D T Q L L M G N R R H S L S P 286

TGAGGAGTATATTTTTGGAGCCCTCAACATCTACCTAGACATTATGTATATCTTCACCTTCTTCCTGCAGCTTTTTGGCA 960

E E Y T F G A L N I Y L D 1 C Y I F ? F F L O L F G T 313

CCAACCGGGAATGAGGAGCCCTCCCCCCACCCCCGCCCTCCTCCAGAGAATGCCCCTCCCCTGTCCTGTGACCCTCTCAG 1040

N R E * 316

AGCTCCTGCAAGACCAGACATAAACTTGCTGCAGCCAGCTTGTGTGCAGCCGCTCCCTCCTGCAGCCAGCCCTCACCTCG 1120

AGCCCTCTGCAGCTTGTACATATGCCATCCTTGGAGCCCCGCAGATCTGAGGCCACACCATCCCCTGTGGTGCCCCCAGC 1200

ACCCGATTGCATCTTCCAAGTGGCACAGTCATGGCTGAGGGCATCTCTGGGTTTGCAGAGACCCCAGAAATGAGTGGGAG 1280

GAGCCCAGAGG 1291

B

Amino Acids

Fig. 7. Sequence and hydrophilicity profile of NMP35.

A The nucleotide and deduced amino acid sequence of the rat NMP35 cDNA is shown. A

consensus site for N-linked glycosylation is marked in bold type and putative transmembrane

domains are underlined. Secondary structure predictions were made by using the TMpred program

(http://ulrec3.unil.ch/softwareAMPREDJorm.html). The sequence has been submitted to the

GenBank data base with the Ace. Nr. AF044201. B The Kyte-Doolittle hydrophilicity blot of NMP35

suggests that the seven hydrophobic domains (marked with black bars) form membrane-associated

segments.
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NMP35 42% 42% 37% 40%

GBP 47% 32% 38%
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Fig. 8. Amino acid sequence comparison of the members of the NMP35/GBP7NMDARA1 family.
NMP35 and GBP are rat sequences, the NMDARA1 is from Drosophila and F40F9.1 and F40F9.2

are C. elegans ORFs. A Black boxes represent amino acids which are identical in at least 3 out of 5

sequences. Gaps were allowed to achieve the best fit and are indicated as dots (GCG program

package Version 8.1, default settings). B Amino acid identities between each member of the gene

family as calculated by dividing the identical amino acids by the total compared length (gaps not

included).
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5.1.3.3. Northern blot analysis of NMP35 shows high expression in the nervous

system with a strong upregulation in the adult

To elucidate the developmental regulation of NMP35, Northern blot analysis on

PI, P3, P14 and P60 total rat sciatic nerve RNA was performed with the ORF-

containing cDNA. A weak expression was detectable in the P60 sciatic nerve but

not in RNA isolated from younger animals confirming the regulation seen by the

original RAP-PCR and with the 209 bp partial clone (Fig. 6A and. 9A, p. 32 and

36). Interestingly, a similar regulation was observed tor transcripts of the closely

related rat GBP (Pig. 9A, p. 36).

A survey of different tissues of the adult rat revealed that NMP35 transcripts can

be found at high levels in the brain and spinal cord but no expression was

detectable in the other organs tested (Pig. 9B, p. 36). GBP on the other hand shows

a more ubiquitous expression pattern with abundant transcripts found in neural

tissues, the kidney and large intestine, and lower but still significant levels present

in most other tissues (Fig. 9B, p. 36).

Due to the regulation observed m the sciatic nerve, we examined the

developmental expression pattern oi NMP35 in brain and spinal cord. I ow

expression can be detected bv Northern blot analysis m both tissues at birth (PI),

increasing with age to highest levels in P60 animals (Fig. 9C, p. 36). Similar to

NMP35, GBP is also strongly upregulated in the brain and spinal cord of adult

animals but its expression is more prominent than that of NMP35 at early

developmental stages (Fig. 9C, p. 36).

5.1.3.4. Characterization of a polyclonal anti-NMP35 antiserum by immunocyto-

chemistry and Western blot analysis

In order to examine the expression of NMP35 protein we raised a polyclonal

immuneserum against a peptide m the \i-terminal loop of NMP35. The specificity
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of the antiserum was tested on wild-type NMP35 and an N-terminally histidine-

tagged variant of NMP35 (HisNMP35) in transient transfection assays. Transfected
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Fig. 9. Northern blot analysis of NMP35 and GBP tissue distribution and developmental regulation
in the nervous system.
A Both NMP35 and GBP display two transcripts of approximately 1 8 and 2 4 kb (NMP35) and 1 9
and 4 5 kb (GBP), respectively, which are expressed at low levels in the sciatic nerve with an

upregulation at P60 B The tissue distribution of NMP35 and GBP transcripts suggests that NMP35

expression is restricted to the nervous system whereas GBP RNA can be detected in many tissues.
C Expression analysis of both NMP35 and GBP in the developing CNS shows a striking
upregulation m P60 brain and spinal cord Equal loading of the 10/vg of total RNA was monitored by
ethidium bromide staining
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COS-7 cells expressing either wild-type NMP35 or HisNMP35 were

immunostained with the anti-NMP35 antiserum and an anti-His tag antibody 48

hours post-transfeetion. The transfectants expressing either wild-type or tagged

protein show a plasma membrane-associated staining with the anti-NMP35

antiserum (Fig. 10A, p. 38) which was also evident with the His-tag antibody on

HisNMP35 expressing cells (data not shown). Control cells transfected with the

empty expression vector show no immunoreactivity with either antibody (Mock;

Fig. 10A, p. 38). Furthermore, the anti-NMP35 preimmune serum did not stain

transfected COS-7 cells (data not shown).

Additionally, the ability of the anti-NMP35 antiserum to recognize NMP35 on

Western blots was tested. The wild-type NMP35 or FIisNMP35 expressing COS-7

cells as well as control transfected cells were lysed 48 hours post-transfection and

the proteins analyzed by Western blotting. The anti-NMP35 antiserum identifies

two protein species of approximately 35 and 30 kDa in lysates of COS-7 cells

expressing either wild-type or His-tagged NMP35 (Fig. 10B, p. 38). The His-tagged

protein shows a slight reduction in migration rate relative to the wild-type which

is probably due to the additional 9 amino acid residues of the His tag at the N-

terminus of the protein. The anti-His tag antibody recognizes both major protein

forms in lysates from cells expressing HisNMP35 but not NMP35-expressing cells

(Fig. 10B, p. 38). The observed shorter protein may represent a post-translationally

modified product which is not observed m rat tissue (see Fig. IOC, p. 38). The anti-

NMP35 preimmune serum did not recognize any protein on the blot (data not

shown).

5.1.3.5. Western blot analysis ofNMP35

The anti-NMP35 antiserum was used to analyze protein expression in the CNS by

Western blot. A polypeptide with an apparent molecular weight of approximately

35 kDa was detected m lysates from the developing brain, adult spinal cord and

cerebellum but not from the liver (Fig. IOC, p. 38). This size of the protein is in
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agreement with the analysis of NMP35-expressing COS-7 cells and the calculated

molecular weight of NMP35. Furthermore, the tissue distribution of the protein
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Fig. 10. Characterization of the anti-NMP35 antiserum on transfected COS-7 cells and

developmental regulation of NMP35 protein in the brain.

A NMP35 protein can be detected in transfected COS-7 cells with anti-NMP35 antiserum whereas

mock-transfected COS-7 cells show no detectable staining. The scale bar is 20 jxm. B Western

blots of proteins from transfected COS-7 cells expressing either wild-type NMP35 or a histidine-

tagged NMP35 variant were stained with either anti-NMP35 antiserum (left panel) or an antibody
against the histidine tag (right panel). The anti-NMP35 antiserum recognizes two protein species of

approximately 30 and 35 kDa in both wild-type NMP35 (wt) and histidine-tagged NMP35 (His)
expressing cells whereas the His tag antibody only detects the histidine-tagged NMP35 variant

(His). Neither antibody reacts with proteins in control COS-7 cells (Co). C Western blot analysis of

NMP35 protein expression with the specific anti-NMP35 antiserum identifies a 35 kDa protein in

lysates from the adult brain, spinal cord and cerebellum but not liver An age-dependent increase in

expression mirrors the regulation seen at the RNA level
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confirms the pattern of NMP35 expression predicted by Northern blot analysis

(Fig. IOC, p. 38). Similarly, lysates from PI, P21 and P60 brains show an age-

dependent increase in the amount of the 35 kDa protein supporting the regulation

of NMP35 observed at the mRNA level (Fig. IOC, p. 38). The immunolabelling of

the 35 kDa protein in brain lysates is blocked by preincubation of the anti-NMP35

antiserum with the immunogen and was not seen with anti-NMP35 preimmune

serum (data not shown).

NMP35 GBP

Fig. 11. Distribution of NMP35 and GBP transcripts in the CNS by in situ hybridization.
NMP35 (A) and GBP (B) mRNA can be detected throughout the adult rat brain on coronal sections.

High levels of NMP35 and GBP transcripts were found in the hippocampus (Hi) and the piriform
cortex (Pi). Expression of neither gene could be detected in the white matter. NMP35 (C) and GBP

(D) transcripts are present in neurons of all laminae of the adult spinal cord at the thoracic level but

not in the white matter. Scale bars are 2 jim (A, B) and 400 |iim (C, D).

5.1.3.6. In situ hybridization ofNMP35 and GBP in the CNS reveals overlapping

expression patterns

In situ hybridization was performed to provide a comparative cellular analysis of

the NMP35 and GBP expression. Frontal sections through P60 brain and cross-
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sections through P60 spinal cord were hybridized with DIG-labeled NMP35 and

GBP antisense cRNA probes. NMP35 and GBP transcripts are widely expressed by

neurons throughout the CNS (Fig. 11, p. 39) with prominent expression in the

hippocampus and the dentate gyrus as well as in the piriform cortex (Fig. HA and

B,p.39).

NMP35 GBP

Fig. 12. Cellular resolution ofNMP35 and GBP expression by in situ hybridization in the brain.

NMP35 expression is detectable in the internal granule layer (IGL) and the Purkinje cell layer (PC)
of the cerebellum but not in the neurons of the molecular layer (ML) (A). Transcripts for GBP are

detectable in all three layer of the cerebellum (B). In the hippocampus both NMP35 (C) and GBP

(D) show a high expression in neurons in all fields of Ammon's horn (CA1-CA3) and the dentate

gyrus (DG). Transcripts for both NMP35 (E) and GBP (F) are expressed in a neuronal-type pattern
in all the layers of the cerebral cortex with the exception of layer I. Scale bars are 200 urn (A, B, E,

F) and 50 urn (C, D).
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In the spinal cord, neurons in all laminae of the gray matter are positive for

NMP35 and GBP, but neither gene shows a detectable signal in the white matter

(Fig. HC and D, p. 39) The distribution and morphology of the stained neurons

suggests that they are mtemeurons as well as subsets ot motorneurons.

In the cerebellum both NMP35 and GBP are prominently expressed by granule

neurons and Purkinje cells (Fig. 12A and B, p.40). GBP expression is also

detectable in some cells of the molecular laver, most probably in basket and

stellate cells (Fig. 12B, p. 40). Furthermore, both transcripts are abundant in

hippocampal neurons of the CA1, CA2 and CA3 regions and also in the dentate

gyrus (Fig. 12C and D, p. 40). Closer examination reveals that neurons in all layers

of the cerebral cortex with the exception of laver I also display pronounced

expression of both NMP35 and GBP (Fig. 12E and F, p. 40). Sense cRNA probes

used as hybridization controls did not yield detectable signals (data not shown).
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5.1.4. Discussion

The nervous system is the most complex organ in the mammalian body. Many

different cell types interact in a precise manner to form a distinct network. The

formation and maintenance of this network requires temporally and spatially well

controlled molecular mechanisms. We hypothesized that developmental

regulation is a good criterion for candidate genes involved in these processes in

vivo. A number of approaches have been devised to identify genes with tissue-

specific or developmentally regulated expression patterns including subtractive

differential hybridization and differential display PCR. The major advantages of

PCR-based differential display techniques are sensitivity and the small amounts of

RNA needed to compare multiple samples in a single experiment.

We used RAP-PCR supported by SSCP to analyze the transcript arrav of the

developing sciatic nerve. In the rat peripheral nerve, P3 represents the onset of

myelination and PI4 the peak of mvelination. By P60 the active myelination

process has ceased and the maintenance period commences. During the course of

the PCR-based screen, six potentially regulated genes were identified in these

distinct stages of sciatic nerve development. Four clones were detectablv

expressed in the sciatic nerve by Northern blot analysis and showed the same

regulation as predicted by the RAP-PCR (data not shown). Flere we have focused

on one of these genes, NMP35.

Database searches with the primarv ammo acid sequence of NMP35 revealed that

it is related to at least four other genes. Rat GBP and Drosophila NMDARAl are the

closest relatives to NMP35 with approximately 42% amino acid identity and two

C. elegans ORFs which display 37 and 40% identity to rat NMP35 indicate a high

degree of evolutionary conservation within the family. This conservation is

particularly striking within the last 30 amino acids C-terminal of NMP35

suggesting that this region is of functional importance. A particularly interesting
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feature is an aspartic acid residue at position 299 m NMP35. This charged amino

acid is conserved in all members of the family and lies within a putative

membrane-spanning domain. Since some ion channels carry charged residues in

their pore-forming transmembrane domains (Parent and Gopalakrishnan, 1995;

Stanfield et al., 1994), it is tempting to speculate that this conserved region could

be involved in the pore formation of an ion channel.

NMP35 transcripts are abundantlv expressed in the nervous system and show a

particularly interesting regulation by being upregulated in the adult. In situ

hybridization revealed that NMP35 is present in various neurons in different

regions of the brain and spinal cord. In the PNS, however, we were not able to

conclusively identify the cell types which express NMP35 in the sciatic nerve due

to low expression levels. Developmental regulation, nerve crush and regeneration

experiments suggest that NMP35 mRNA is expressed by differentiated Schwann

cells of the adult peripheral nerve (data not shown), but expression by fibroblasts

or axonally transported neuronal mRNA (Olink-Coux and Hollenbeck, 1996;

Wensley et al., 1995) cannot formally be excluded.

GBP is closely related to NMP35, has a similar developmental regulation in the

nervous system and is expressed in most neurons of the CNS (Sato et al., 1995).

GBP was originally purified from synaptic plasma membranes as a component of

a multi-protein complex that was shown to display NMDA-displaceable

glutamate binding (Kumar et al., 1991) although GBP itself does not have

significant homologies to other cloned glutamate receptors. Furthermore, the

glutamate receptor NMDAR 1 was not present in the complex excluding the

possibility of contamination (Kumar et al., 1994). Oocyte expression studies

showed that GBP does not form a homomeric glutamate-gated ion channel per be,

but reconstitution of the partially purified glutamate-binding components results

in the formation ot an NMDA-receptor ion channel (Hoffman et al., 1996; Ly and

Michaelis, 1991). This finding can be interpreted as being consistent with ion
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channel formation by GBP since not all members of the NMDA receptor subfamily

form functional homomeric receptors, and the formation of the nicotinic

acetylcholine receptor also requires multiple subunits which have to be arranged

in specific stochiometric ratios (Kutsuwada et al., 1992; Meguro et al., 1992;

Monyer et al., 1992; Role, 1992). Additional support comes from another group

which independently purified and characterized a similar complex of proteins that

display NMDA-receptor properties (Ikin et al., 1990). The sizes of the proteins

forming the complex and the binding properties ot these two complexes are very

similar but it remains to be clantied whether they are identical (reviewed by

Michaelis, 1993). Interestingly, GlyBP, a second member of the GBP complex

(Kumar et al., 1991), has been identified and shown to have two regions that are

related to the glycine binding and the activation region of NMDAR1 (Kumar et ak,

1995).

Although GBP does not form homotypic channels, NMDA-induced neurotoxicity

experiments in cultured neurons are consistent with a functional role for the

protein in NMDA signaling. bFGF has been shown to have neuroprotective effects

on neurons (Freese et ak, 1992) with a concomittant downregulation of GBP but

not GluRl mRNA expression (Mattson et al, 1993). In addition, the reduction of

GBP expression bv using antisense oligonucleotides correlates with a reduced

NMDA-induced toxicity in vitto (Hoffman et al., 1996; Mattson et al., 1993;

Mattson et ak, 1991). Furthermore, the neuroleptic drug haloperidol, which affects

the glutamatergic system, induces an increase in the transcript levels of GBP and

other glutamate receptor subunits in specific brain regions (Eastwood et ak, 1996).

Based on these data, it was hypothesized that GBP is a member of a new

glutamate receptor subfamily. In further support, in situ hybridization studies

have shown that transcripts of trie Drosophila NMDARAl accumulate in the

supraoesophagal ganglion, the presumptive brain of the adult insect, during the

formation of the larval nervous system towards the end of embryogenesis
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(Pellicena-Palle and Salz, 1995). Since glutamate has been found to be a

neurotransmitter in Drosophila and to be involved in neural development in

vertebrates, it is intriguing to speculate that dNMDARA 1 might also be involved

in glutamate neurotransmission and development of the nervous system (Jan and

Jan, 1976).

The ability of the brain to adapt to changes in the environment and to new

experiences or trauma is essential for higher organisms, and neurotransmitter

receptors are involved in plasticity ot the brain (reviewed bv Kaczmarek et ak,

1997). The upregulation of NMP35 and GBP transcripts in the adult CNS in

conjunction with the high expression levels in the hippocampus and the piriform

cortex implies that these proteins may also play a role in plasticity. Both NMP35

and GBP are expressed in the granule neurons ot the cerebellum and upregulated

after P21 in the brain. This timing is particularly interesting as it coincides with

terminal differentiation and synapse formation of the granule neurons (for review

see Platten et ak, 1997). Since the adult cerebellum also has a large capacity for

plasticity, NMP35 and GBP might be involved in synapse differentiation and

maintenance.

Aberrant glutamate metabolism has been proposed to be involved in a number of

neurodegenerative disorders including epilepsy, Alzheimer's disease,

amyotrophic lateral sclerosis and Huntington's disease (Choi, 1988; Plaitakis et ak,

1988; Rothstein et al, 1992). Recently, the gene for GBP has been localized by FISH

analysis to chromosome 8q24 3 which is close to the loci tor two forms of epilepsy,

benign familial neonatal convulsions (BFNC) at 8q24, and idiopathic generalized

epilepsy at distal 8q24 (Lewis et ak, 1993; Lewis et ak, 1996; Zara et ak, 1995).

Therefore, GBP may potentially be involved in the etiology of these two forms of

epilepsy. It remains to be seen whether the NMP33 locus is also associated with

related disorders.
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In summary, we report the cloning and characterization of rat NMP35 which is

prominently expressed in neurons of the CNS and is strongly upregulated in the

adult nervous system. Together with GBP, NMDARAl, F40F9.1 and F40F9.2,

NMP35 forms a novel family of potential amino acid receptors which shows a high

degree of conservation. Based on their expression patterns and regulation, these

and related proteins in Drosophila and C. elegans may be involved in the

development and the maintenance of the nervous system in vertebrates and

invertebrates.
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5.1.5. Materials and Methods

5.1.5.1. RNA isolation and Northern blotting

Tissue samples for total RNA isolation were dissected and immediately frozen in

liquid nitrogen. Total RNA was isolated using a modified acid

phenol/guanidinium method (Chomczynski and Sacchi, 1987). RNA was

resuspended in di-ethvl-pyro-carbonate (DFFC)-treated water and quantitated bv

OD260 measurement. Ten ug of RNA were separated on duplicate 1.2%

formaldehyde gels and capillary blotted onto nylon membranes (Hybond-N,

Amersham). The blots were hybridized m 50% formamide at 42°C with a 1ZP

labeled, randomly primed cDNA probe according to manufacturers instructions

(Pharmacia). Blots were washed at high stringency and exposed to X-ray film

(Fuji) at -70°C with intensifying screens,

5.1.5.2. RNA arbitrarily primed PCR

First-strand cDNA synthesis was performed for 60 min at 37°C, using 100, 50 and

25 ng of total RNA and a first arbitrary primer OPN24 (AGGGGCACCA) as

described previously (McClelland et ai, 1994) in a buffer containing 50 niM Tris,

pH 8.3, 50 mM KCl, 4 mM MgCh, 10 mM DTT, 0.2 mM each dNTP, 1.9 U/pl

MuLV-Reverse Transcriptase (Stratagene) The reaction was stopped by

incubation at 94°C for 5 min. Second strand synthesis was performed on one

quarter of the first strand reaction using a second arbitrary primer. Three different

secondary primers were used; Km A1+ (GAGGGTGCCTT), Kin A2+

(GGTGCCTTTGG) and Kin A- (CCAAAFGCACCTTCACC). Forty-five cycles of

PCR were performed in a reaction butter containing 16.25 mM Tris, pH 8.3, 16.25

mM KCl, 4.5 mM MgCL, 0.23 mM each dNTP, 0.5 uM OPN24 primer, 6.5 nCi/pl

a-32P-dCTP, 0.2 U/pl AmpliTaq DNA polymerase Stoffel fragment (Perkin Flmer).

The reaction conditions were 1 min 94°C denaturation
,

1 min 35°C annealing and

2 mm 72°C extension. The reaction products were separated on a 6% denaturing
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acrylamide gel. The gels were dried onto Whatman 3M paper and the radiolabeled

products detected by exposure to X-rav film (Fuji). The PCR products of interest

were eluted from the gel into 50 pi 'IE tor 3 hours at 65°C. Two hundredths of the

eluate were reamplified as described above and after denaturation in 93"%

formamide, 10 mM NaOH for 15 min at 80°C loaded onto a 0.5x MDE gel

(HydroLink0MDE gel, FT. Baker Ine )

5.2.5.3. Cloning, sequencing and cDNA library screening

The bands of interest were eluted from the MDE gel and reamplified as above in

the absence of radioisotopes. The PCR products were cloned using the TA cloning

system (Invitrogen) and sequenced using Sequenase V2.0 (US Biochemicals). A 6

week-old rat brain lambda zap II cDNA library (Stratagene) was screened

according to the manufacturers instructions using radiolabeled randomly-primed

probes. Individual clones were isolated and sequenced.

5.1.5.4. Antibodies

Anti-peptide antibodies were raised to the synthetic peptide

SYEEATSGEGLKAGAF in the N-terminal part of NMP35 and the activity of the

immune serum was tested on the immunogen by solid-phase ELISA.

5.1.5.5. Cell cultures and transient transfections

COS-7 cells were cultured in DMFM (Gibco BRL) supplemented with 10 % PCS

(Sera-Tech) and 50 ug/ml Gentamicin (Sigma) in a humidified atmosphere

containing 6 % QX Exponentially growing COS-7 cells were trypsinized, washed

in PBS and pelleted at 800 g. 1.5 x 10° cells were resuspencied in 200 pi PBS

containing 5 pg vector DNA The cells were transferred to a 4 mm gap

electroporation cuvette (Bio-Rad), chilled on ice tor 5 min and eleetroporated at

300 V, 125 uF and 72 O (Electro Cell Manipulator 600 BIX, Electroporation

System) resulting in pulse times of approx. b msec. The transfected cells were

48



Results

chilled for 5 min on ice and split into seven 35 mm culture dishes containing 2 ml

of medium and cultured for 48 h prior to analysis.

5.1.5.6. Immunofluorescent detection of transfected COS-7 cells

COS-7 cells were transiently transfected with an expression vector carrying either

wild-type NMP35 or HisNMP35 (carrying a MRGSFE-tag at the N-terminus).

Forty-eight hours post-transfection the cells were washed with PBS and fixed 15

min in 1% paraformaldehyde (in PBS) Cells were blocked for 60 min with normal

goat serum diluted 1:20 in PBS/0.2 % Tween 20 and incubated overnight at 4° C

with anti-NMP35 antiserum diluted 1:200 in blocking buffer. After 3 washes in

PBS/0.2 % Tween 20, the cells were incubated 60 mm with a Cy-3 labeled goat

anti-rabbit immunoglobulin secondary antibody (Nordic) diluted 1:250 in blocking

buffer. The cells were washed 3x in PBS/0.2 % Tween 20 and mounted in AFI

(UKC Chem. Lab.). Images were acquired with an Axiophot microscope (Zeiss) in

conjunction with a Hammamatsu camera (Mitsubishi) and Adobe photoshop

software.

5.1.5.7. Western blotting of COS-7 celt and tissue lysates

Tissues and cells were lysed into 8 \1 urea and the protein concentration was

determined using the BioRad protein assay (BioRad). Ten pg (cells) or 20 pg

(tissue) of protein were separated on a reducing 12% SDS polvacrvlamide gel and

transferred by electroblotting to nitrocellulose membrane (Schleicher & Schnell)

according to the manufacturers instructions (BioRad). The blot was blocked

overnight in 0.15% Casein in PBS and then incubated 2 h with either anti-NMP35

antiserum diluted 1:1500 dilution in blocking buffer or anti-His tag antibody

(Qiagen) diluted 1:1500. The blots were washed 3 times in PBS/0.2% Tween 20 for

20 min and then incubated 30 min with a peroxidase-coupled secondary antibody

(Nordic) diluted 1:10,000 in blocking buffer. After washing 3 times 20 min in

PBS/0.2% Tween 20 detection was carried out by chemiluminesense (ECL,

Amersham).
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5.1.5.8. DIG labeling ofcRNA probes for in situ hybridization

In vitro transcription was performed on 1 pg of linearized vector for 2 hours at

37°C in a reaction containing DIG-labeled ribonucleotides according to

manufacturers instructions (Boehringer). The reaction was stopped bv addition of

EDTA and the cRNA precipitated with 0.4 M LiCl and 3 volumes of EtOFl. The

cRNA was dissolved in 90 pi of DEPC-treated water and 90 pi bicarbonate buffer

(40 mM NaHCO% 60 mM NapCY/y) were added before being hydrolyzed for 24

min at 60°C The reaction was then neutralized with 85 \ü of 0.1 M HCl.

5.1.5.9. In situ hybridization

Serial frontal cryosections (20 pm) trom adult rat brains were mounted on

SuperFrost Plus slides and post-fixed in 4% paraformaldehyde (in PBS) for 60 min

at room temperature. The sections were washed three times in PBS and once in

water for 5 min before acetylation in 2%> (v/v) triethanolamine solution and 500 ul

acetic anhydride. After washing in PBS for 5 min and equilibrating in 2xSSC for 5

min, prehybridization was carried out in 50% (v/v) formamide, SxSSC,

5xDenhardts, 250 pg/ml total yeast RNA, 500 pg/ml salmon sperm for 6 h at

room temperature. Three hundred ng/ml DIG labeled sense or antisense probe

was added to fresh prehybridization solution and denatured for 5 min at 80° C.

Hybridization was carried out at 58° C overnight in a wet chamber after which the

sections were rinsed in 5xSSC (58° C) and then washed in 2xSSC (58° C) for 2 min,

0.2xSSC (58° C) for 5 min, 50% (v/v) tormamide/0.2xSSC (58° C) for 20 min and

0.2xSSC (room temperature) for 5 mm. The sections were equilibrated twice in

detection buffer (100 mM Tris pH 7 5, 150 mM NaCl) and then blocked 1 hour in

1% blocking reagent (Boehringer) in detection buffer. The sections were incubated

with an anti-DIG antibody coupled to alkaline phosphatase (Boehringer), diluted

1:5000 in blocking buffer for 2 hours. The sections were washed twice in detection

buffer for 15 mm and equilibrated for 5 min in 100 mM Tris pH 9.5,100 mM NaCl,

25 mM MgCL. Detection was carried out in 337.5 pg/ml nitroblue tetrazolium

(NBT), 175 pg/ml 5-bromo-4-ehloro-3-indolyl phosphate (BCIP), 240 pg/ml
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levamisole, 100 mM Tris pH 9.5, 100 mM NaCl, 25 mM MgCl2 for 4 hours. The

sections were washed in TE overnight at 4° C and mounted in Immu-Mount

(Shandon Inc.).
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5.2.1. Abstract

We have previously identified and characterized a cDNA coding for the novel

protein NMP35 (neural membrane protein 35). We showed that NMP35 mRNA is

mainly expressed in the adult CNS with a neuronal expression pattern. In this

study we used affinity purified antibodies against NMP35 to identify the precise

subcellular localization of NMP35 protein in the adult CNS. We show that NMP35

protein is widely expressed throughout the brain and spinal cord. NMP35

immunoreactivity is predominantly detected in dendrites of several neuronal cell

types and in the surrounding neuropil (dense meshwork of axonal and dendritic

processes containing many synapses). Double immunofluorescence confocal

microscopy reveals a colocalization ot NMP35 with the AMPA glutamate receptor

GluR2 and an adjacent localization with synaptophysin, a presynaptic vesicle

marker, suggesting a postsynaptic localization. Immunoelectron microscopy with

NMP35 antibodies shows a prominent staining m dendritic processes and in a

subset of synapses. Taken together our data are consistent with a function of

NMP35 in neurotransmission in the CNS.
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5.2.2. Introduction

The central nervous system (CNS) is composed of many neurons that interact in a

complex network. Communication between these cells takes place at synapses that

are highly specialized regions ot the cell membrane. At these synapses,

information is transferred by neurotransmitters released from the presynaptic cell

into the synaptic cleft and received bv specific receptors on the postsynaptic cell

that trigger the propagation of the signal

Glutamate is the major excitatory neurotransmitter in the brain. Two subfamilies

of glutamate receptors have been identified to date. The first subfamily of

ionotropic receptors includes the AMPA-, NMDA- and kainate receptors which

are subunits of multimeric cation channels (reviewed by Hollmann and

Heinemann, 1994). The other subfamily are the metabotropic receptors which arc

seven transmembrane domain proteins coupled to G proteins that either activate

phospholipase C (mGluRI and 5) or inhibit adenylate cyclase (mGluR2, 3, 4, 6, 7

and 8; for review see Nakanishi, 1994)

A putative third family of glutamate receptors has been identified with the cloning

of the glutamate-binding protein GBP (Eaton et ak, 1990; Kumar et ak, 1991; Ly

and Michaelis, 1991). GBP is expressed in most neurons of the CNS (Sato et ak,

1995; Schweitzer et ak, 1998) and was originally purified from synaptic

membranes as part of a four protein complex that showed an NMDA-displaceable

glutamate binding (Kumar et ak, 1991). Although GBP does not share significant

sequence homologies to other glutamate receptors there is accumulating evidence

for an involvement of GBP in glutamate neurotransmission. Evenhough GBP does

not form functional homomeric ion channels if expressed in oocytes, reconstitution

ot the partially purified proteins of this four protein GBP complex results in the

formation of an NMDA-receptor ion channel (Hottman et ak, 1996; Ly and

Michaelis, 1991). Recently, two other members ot this complex have been
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identified. These are the glycine-binding protein (GlyBP) and the

carboxypiperazinylphosphonate (CPP)-binding protein (Kumar et ak, 1995; Kumar

et ak, 1998). Interestingly, GlyBP carries two short sequence stretches which have a

high homology to the glycine-binding domain of NMDA glutamate receptor 1

(NRl). Additionally, indirect support for this complex as a glutamate receptor

comes from the identification of a similar complex of proteins displaying NMDA

receptor properties by an independent group (Ikin et ak, 1990). The molecular

weight of the proteins forming the complex and the ligand binding properties of

this and the GBP complex are very similar, however, it remains to be clarified

whether their compositions are identical (reviewed bv Michaelis, 1993).

NMDA-induced neurotoxicity experiments in cultured neurons also suggest a

functional role for the GBP protein in NMDA signaling. bFGF has been shown to

have a neuroprotective effect on neurons treated with glutamate (Freese et ak,

1992). This is associated with a concomittant downregulation of GBP but not

GluRl mRNA expression in these neurons (Mattson et ak, 1993). In addition,

downregulation of GBP expression bv antisense oligonucleotides experiments on

cultured neurons resulted in a reduced neurotoxic effect of NMDA in vitro without

affecting other glutamate receptor levels (Hoffman et ak, 1996; Mattson et al., 1993;

Mattson et al., 1991). Furthermore, haloperidol, a neuroleptic drug affecting the

glutamatergic system, induces an increase of GBP transcripts as well as other

glutamate receptor subunits in specific regions of the brain (Eastwood el ak, 1996).

We have previously identified and described the novel protein neural membrane

protein 35 (NMP35) that shares 42% amino acid identity with GBP (Schweitzer et

ak, 1998). Northern blot analysis reveals a high expression of NMP35 in the brain

and spinal cord and very low or undetectable expression in other tissues. In situ

hybridization studies showed that most neurons of the CNS express NMP35, but

expression within the white matter was not detected. Taken together these results

suggest that NMP35 is predominantly expressed m neurons of the CNS.
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Furthermore, NMP35 shows a developmentally regulated expression pattern. In

newborn rat brains expression is weak, but increases dramatically around

postnatal day 21 (P21) to high levels in the adult brain. We have also been able to

show that NMP35 and GBP are coexpressed m neurons of many regions ot the

brain and spinal cord. Due to the sequence homology to GBP, the colocalizahon

and the observed expression patterns we proposed a potential role for NMP35 in

glutamate neurotransmission.

In this study we used affinity purified antibodies raised against NMP35 to

examine the subcellular localization of NMP35 protein in CNS neurons. We show

that in various regions of the brain NMP35 protein is expressed at high levels on

dendrites and to a lesser extent on the soma and axons. Double

immunofluorescence confocal microscopy revealed a colocalizahon of NMP35

with the AMPA glutamate receptor 2 (GluR2) and an adjacent localization with

synaptophysin, a presynaptic vesicle protein. Furthermore, immunoelectron

microscopy suggests a localization of NMP35 in a subpopulation of synapses.

These findings support a possible involvement of NMP35 in neurotransmission.
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5.2.3. Results

5.2.3.1. NMP35 protein is widely expressed in the central nervous system

Tn order to examine the distribution of the NMP35 protein in the adult rat we used

affinity purified antibodies against the N-termina I domain of NMP35 to detect the

protein on sections of brain and spinal cord. Previously, we have reported a wide¬

spread distribution of the NMP35 mRNA in the adult central nervous system

(Schweitzer et ak, 1998). Anti-NMP35 antibodies label the majority of the neurons

in the gray matter of the spinal cord, including both interneurons and

motorneurons, reflecting the mRNA expression (Fig. 12A, p. 40). Furthermore, as

with the in situ hybridization, NMP35 protein expression is low in the white

matter tracts of the spinal cord (F'ig. 13A and 14F, p. 58 and 59). In the brain,

NMP35 expression is prominent throughout the forebrain including all level of the

hippocampus (Fig. 13B, p. 58). In the cerebellum, NMP35 protein is highly

expressed in the molecular and granular layers but the white matter is spared (Fig.

13C, p. 58). The specificity of the antibodies was confirmed by specific blocking of

the staining by preincubation of the affinity purified antibodies with the

immunogen (data not shown).

5.2.3.2. NMP35 is expressed on neuronal soma and dendrites

Closer examination of the immunostaining reveals a localization of the NMP35

protein to the neuropil throughout the cerebral cortex (Fig. 14A, p. 59). Focusing

on the layer 5 pyramidal neurons, a prominent staining can be seen along the

apical dendrites and over the soma (Fig. 14B, p. 59). Staining of the basal dendrites

and presumptive axons is less prominent. A similar staining is also apparent on

the granule cells of the dentate gyrus and the pyramidal neurons of the CA

regions of the hippocampus where NMP35 protein is mainly localized to the

apical dendrites and neuropil, particularly of the stratum oriens, with weak

expression in the soma (Fig. 14C and D, p. 59).
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Fig. 13. Immunohistochemical analysis of NMP35 protein expression.
A In the spinal cord strong NMP35 immunoreactivity is detected in the gray matter (G) whereas only
weak immunoreactivity is found in the white matter (W) B The CA1 and CA3 regions of the

hippocampal formation as well as the dentate gyrus (DG) display prominent NMP35

immunostaining C The molecular (ML), Purkinje cell (PC) and the granular layer (GL) of the

cerebellar cortex express NMP35 protein The white matter tracts (W) with the afférents and

efferents to the cerebellar cortex show only a weak staining Scale bars, 500 u/n

In the cerebellum, the dendritic shafts of Purkinje cells express high levels of

NMP35 protein which is also distributed throughout the neuropil of the molecular

layer and m a more restricted punctate pattern m the granular layer (Fig. 14E, p.

59). Staining of the ventral horn of the spinal cord reveals a strong expression of

NMP35 protein m the motor neurons and the neuropil throughout the gray

matter. Staining of the white matter tracts of the spinal cord is very low in

agreement with the m situ hybridization data but efferent fibers from the ventral
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horn express significant levels of NMP35 protein. These fibers may represent the

axons of the motor neurons innervating the periphery.

Fig. 14. Subcellular localization of NMP35 protein
A All layers of the cerebral cortex are positively stained for NMP35 B In pyramidal neurons of the

cortical layer V the apical dendrite (arrow) is positive for NMP35 immunoreactivity whereas the

soma and basal dendrites (arrowhead) have a less pronounced staining Additionally, the whole

neuropil of this area expresses NMP35 protein C In the CA3 region of the hippocampus the

neuropil of the stratum radiatum (sr) and the stratum onens (so) shows a positive NMP35

immunostaming whereas the cell bodies of the pyramidal neurons in the stratum pyramidale (sp)
have a less pronounced staining A strong immunoreactivity is found in the apical dendrites

spanning the stratum lucidum (si) D In the dentate gyrus, the neuropil of the molecular layer (ml)
displays pronounced NMP35 immunoreactivity whereas the soma of the granule neurons (gel) are

only weakly stained In the polymorphic layer (pml), neuronal cell bodies and neuntes are stained by
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NMP35 antibodies. E In the cerebellar cortex the granule cell layer (GL) and the cell bodies of the

Purkmie cells (PC) expressed moderate levels of NMP35 protein. High expression of NMP35 is

found on the dendrites of the Purkinie cells and to a lesser extend in the neuropil of the molecular

layer (ML). F In the ventral horn of the lumbar spinal cord strong immunoreactivity is found in the

neuropil of the gray matter (G) surrounding the large cell bodies of motor neurons (arrowhead)
White matter tracts (W) from the spinal columns display weax or undetectable immunoreactivity
However, occasional neuntes in the white matter running perpendicular to the rostral-caudal axis ot

the spinal columns (arrow) are stained with anti-NMP35 antibodies. Scale bars, A 500 ,um; B-E, 50

(im.

5.2.3.3. NMP35 partially codistributes with synaptophysin

Due to the prominent expression of NMP35 on neuronal dendrites, we examined

a potential localization at synapses. We analyzed a possible colocalizahon of

NMP35 with synaptophysin, a presynaptic marker protein, by contocal

microscopy. In the hippocampal CA3 pyramidal neurons and the neuropil of the

stratum oriens, NMP35 shows partial colocalizahon with synaptophysin (Fig. 15A-

C, p. 61). In the stratum lucidum, where mossy fibers form large synaptic

expansions on apical dendrites of the pyramidal neurons, colocalizahon is less

pronounced and most of these expansions are only positive for synaptophysin. At

higher magnification, NMP35 and synaptophysin are codistributed with adjacent

localization at putative synapses (Fig. 15G-I, p. 61).

In the cerebellum, we detected a partial colocalizahon of NMP35 and

synaptophysin within patches in the granular layer as well as in the neuropil of

the molecular layer (Fig. 15D-F, p. 61). Purkinje cell dendrites displav strong

NMP35 immunoreactivity but are devoid of synaptophysin. At a higher

magnification, as in the hippocampus, the overlapping staining pattern disappears

and regions of NMP35 and synaptophysin immunoreactivity lie adjacent to each

other (data not shown).
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Fig. 15. Double immunofluorescence confocal microscopy
Double immunofluorescent detection of NMP35 (red) and synaptophysin (green) in the CA3 field of

the hippocampus(A-C, G4) and in the cerebellum(D-F). In the hippocampus some colocalization is

detected in the neuropil of the stratum oriens (so) and some spots along apical dendrites of

pyramidal neurons (stratum pyramidale, sp) in the stratum lucidum (si). Partial colocalization is

found in the molecular layer of the cerebellum and in a few regions within the granular layer. At

higher magnification the colocalization within the stratum lucidum disappears and regions with

synaptophysin and NMP35 staining lie adjacent to each other Scale bars, B and E 25 jam; H 10 jam.
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Fig. 16. Double immunofluorescence confocal microscopy

Double immunofluorescent detection of NMP35 (red) and GluR2 (green) in the CA3 field of the

hippocampus (A-C, G-l) and in the cerebellum (D-F). In the hippocampus colocalization is found in

the stratum radiatum (sr) and the stratum oriens (so) but mostly in apical dendrites (si) of pyramidal
neurons (stratum pyramidale, sp). In the cerebellum colocalization is detected in Purkinje cell

dendrites and the neuropil of the molecular layer (ML). No colocalization is found in the granular

layer (GL) and on Purkinje cell bodies (PC). Scale bars, B and E 25 um; H 10 um.

5.2.3.4. NMP35 colocalizes with GluR2

The NMP35/synaptophysin double fluorescence experiments suggest that NMP35

may be predominantly postsynaptic. In order to address this question we used

antibodies against the AMPA glutamate receptor subunit GluR2, which is located

in the postsynaptic density. In contrast to the synaptophysin staining, NMP35 and
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GluR2 colocalize to the apical dendrites and neuropil within the hippocampal CA3

field (Fig. 16A-C, p. 62). At high magnification, this colocalization remains,

suggesting a probable localization of NMP35 and GluR2 at the postsynaptic

membrane (Fig. 16G-I, p. 62).

In the cerebellum, as in the hippocampus, a colocalization of NMP35 and GluR2 is

found on dendrites of Purkinje cells and to a lesser extent in the neuropil of the

molecular layer (Fig. 16D-F, p. 62). In the granular layer, where NMP35 shows a

patchy distribution, GluR2 is only expressed at low levels.

Fig. 17. Ultrastructural localization of NMP35 in the molecular layer of the dentate gyrus.

A NMP35 immunoreactivity is found in dendritic processes (D) with a laminar-like pattern

suggesting an association with cytoskeletal elements. B shows a presynaptic button (B) with two

synapses having very thick and dark postsynaptic densities (arrow heads). It seems likely that this

contrast may be partially caused by NMP35 immunoprecipitate. Scale bars, A 0.5 jim, B 1 jim.

5.2.3.5. Ultrastructural analysis by immunoelectron microscopy

The double immunofluorescence studies suggest that NMP35 is expressed in the

postsynapse. In order to address this issue further, we performed electron

microscopy on immunohistologically stained sections through the rat brain using

affinity purified anti-NMP35 antibodies. In the molecular layer of the dentate

gyrus, the DAB immunoprecipitate is mainly found in dendrites (Fig. 17A, p. 63).

This staining has a laminar pattern suggesting that NMP35 might be associated

with cytoskeletal elements. In addition to the strong staining in the dendritic

processes, immunoreactivity seems to be associated with some synapses (Fig. 17B,
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p. 63). However, this synaptic staining needs verification by immunogold electron

microscopy, since the PSD has a natural contrast in the electron microscope and it

is difficult to set the threshold between staining and natural contrast.
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5.2.4. Discussion

We have previously identified NMP35, a novel protein that is highly expressed In

neurons of the adult CNS (Schweitzer et ak, 1998). By in situ hybridization studies

we could show that NMP35 transcripts are expressed in most neurons of the CNS.

In the present study we used affinity purified antibodies raised against NMP35 to

monitor protein expression and the precise subcellular localization. In agreement

with the in situ hybridization studies we find NMP35 protein widely distributed

within the CNS. A particularly interesting staining was found in the cerebellar

cortex. In situ hybridization studies showed NMP35 mRNA expression in the

granular layer and the Purkinje cell laver whereas the protein is also be found in

the molecular layer (Fig. 13C, p. 58). This finding suggests that NMP35 protein is

expressed on neurites. Closer examination reveals strong NMP35

immunoreactivity on dendrites of Purkinje cells and the entire neuropil of the

molecular layer (Fig. 14E, p. 59). In pyramidal neurons of the hippocampus and

the cortex the apical dendrites express high levels of NMP35 protein compared to

the moderate expression on the cell bodies (Fig. I4B, C and D, p. 59). Furthermore,

the neuropil in this region ot the brain has a pronounced NMP35

immunoreactivity.

Our results demonstrate that NX1P35 protein is not equally distributed within a

neuron. We find an accumulation ot protein in the dendrites and the neuropil.

White matter tracts containing manv axons generally show little or no staining. It

seems that NMP35 protein is selectively targeted to dendrites. We used double

immunofluorescence confocal microscopy to test whether NMP35 is also

expressed at synapses. We used synaptophysin as a marker for synapses and

found a partial colocalization with NMP35 (Fig. 15A-F, p. 61). However, at high

magnification, this overlapping staining is revealed to be an adjacent expression

(Fig. 15G-1, p. 61). One explanation for this observation is that synaptophysin is a

presynaptic vesicle protein, therefore, this suggests that NMP35 is localized on the
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postsynaptic membrane. By high magnification confocal microscopy we were able

to resolve staining at the pre- and postsynapse. A postsynaptic localization is

further supported by double immunofluorescent stainings with NMP35 and

GluR2 which is mainly localized on the postsynaptic membrane (Farb et al., 1995).

These stainings show an overlapping expression pattern in dendrites even at high

magnification (Fig. 16, p. 62). These findings suggest that NMP35 protein is

localized at least partially in postsynapses.

Immunoelectron microscopic analysis of peroxidase stained sections supports the

light and confocal microscopy data. Strong immunoprecipitate is detected in

dendritic processes (Fig. 17A, p. 63). The staining displays a laminar pattern

suggesting an association with cytoskeletal elements. Since NMP35 colocalizes

with GluR2 in dendritic shafts (Fig. 16, p. 62) it is possible that this is stored

protein or protein transported to the dendritic membrane. Furthermore, this

NMP35 immunoreactivity also seems to be associated with a subset of

postsynaptic densities (Fig. 17B, p. 63). Additional immunogold electron

microscopic studies are required to confirm this synaptic localization of NMP35.

NMP35 and GBP show 42% identity on the amino acid level and similar

expression patterns as judged from in situ hybridization studies (Schweitzer et ak,

1998). GBP was originally purified from synaptic membrane fractions as a

component of a putative NMDA glutamate receptor and electron microscopic

analysis of synaptosomes suggest that GBP protein is enriched in the PSD (Eaton

et ak, 1990). Functional studies demonstrate that GBP probably plays an important

role in glutamate neurotransmission whose exact nature needs yet to be elucidated

(Hoffman et ak, 1996; Ly and Michaelis, 1991; Mattson et al, 1993; Mattson et ai.,

1991). Our data indicate that NMP35 protein is highly expressed in dendrites and

is also found in synapses. We further show that it partially colocalizes with GluR2

and codistributes with synaptophysin. These data and the high homology to GBP

suggest an involvement of NMP35 in neurotransmission. However, further
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experiments will be required to elucidate the precise function of this enigmatic

protein family in the nervous system.
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5.2.5. Materials and Methods

5.2.5.1. Tissue preparation

Adult (3-6 months old) Sprague-Dawley rats were killed by an overdose of

pentobarbital and perfused transcardially with PBS/0.025% Heparin, followed by

4% paraformaldehyde containing 0.1% glutaraldehyde in 0.1 M phosphate buffer,

pH 7.4 (PB). Brains were removed and postfixed overnight m 4%

paraformaldehyde/PB at 4°C For immunoelectron microscopy animals were

perfused with 4% paraformaldehvde/0.1% glutaraldehyde/1% picric acid/PB.

Postfixation was done in the same solution but without glutaraldehyde for 2 hours

at 4°C, followed by 4% paraformaldehyde/PB overnight at 4°C.

5.2.5.2. Antibodies

The following antibodies were used: mouse monoclonal antibody Sy38 (Roche

Diagnostics) specific to synaptophysin and mouse monoclonal antibody 1F1 (kind

gift from Dr. P. Streit) specific to the glutamate receptor GluR2 (Ottiger et ak,

1995); polyclonal antibody 12/1A which is an affinity purified rabbit anti-NMP35

antibody raised against the polypeptide SYEEATSGEGLKAGAF in the N-terminal

part of the protein.

5.2.5.3. hmnunohistochemistry

Fixed brains were sectioned on a vibratome at 50 urn and collected in 0.05 M Tris

buffer containing 1.5 % NaCl, pH 7.4 (TB-NaCl). Sections were incubated in 1%

H2O2 for 30 min. After washing three times in TB-NaCl the sections were blocked

30 min in TB-NaCl/5% donkey serum. Sections were reacted with primary

antibody in TB-NaCl/2% donkey serum for 2 days at 4°C (dilutions were: 12/1A

1:500 for immunohistochemistry, 1:100 for immunofluorescence; Sy38 1:10 and IF!

1:100). The sections were washed 3x10 min in TB-NaCl followed by an incubation

of 2 h with a biotinylated horse anti-rat antibody (1:200 in TB-NaCl, Jackson

Laboratories). After 3x10 min washing in TB-NaCl, the sections were incubated
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for 2 h in an avidin-biotin-peroxidase complex (Dako). The sections were washed

again 3x10 min in TB-NaCl and reacted with 0.05% 3'3-diaminobenzidine-HCl

(Sigma), 0.03% TPO^ in TB-NaCT. After completion of the color reaction, sections

were washed in TB-NaCl, air-dried and mounted

5.2.5.4. Immunofluorescence

For fluorescent stainings, the procedure was the same as above with some

modifications. The H2O2 treatment was omitted and instead of horse serum goat

serum was used to block unspecific binding. For monoclonal antibodies a goat

anti-mouse FITC coupled secondary antibody (1:100; Vector Laboratories) was

used and for polyclonal antibodies a goat anti-rabbit Cy3 coupled antibody (1:200;

Jackson Laboratories). Sections were mounted in AFI (Citiflour).

5.2.5.5. Confocal microscopy

Immunohistochemical preparations were analyzed using a confocal scanner Leica

TCS NT on an inverted microscope Leica DMIRB-E. Cross-talk ot simultaneously

recorded channels was corrected by selective AOTF-tuning of laser intensity. The

pinhole size for all channels was set to recommended optimal value by the

manufacturer. Image processing was done on Silicon Graphics workstations using

Tmaris' (Bitplane AG, Zurich), a 3D multi-channel image processing software.

5.2.5.6. Immunoelectron microscopy

Sections were treated as described above with some modifications. For a better

tissue preservation the H2O2 treatment was omitted. Before blocking with serum

the sections were incubated 5 min in 5% DMSO/PB, L0 min in 10% DMSO/PB and

finally 20 min in 20% DMSO/PB. After this treatment sections were washed three

times, followed by the staining procedure described above. After staining the

sections were treated with 0.5% osmium tetraoxide/6.8% sucrose in PB, stained

with 1% uranyl acetate (60 min) and dehydrated by ethanol and acetone. After flat
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embedding in Durcupan (Fluka), 0.1 pm ultrathin section were cut on a microtome

and analyzed on a Jeol 200 CX electron microscope.
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6. Conclusions and perspectives

6.1. Main findings of this study

6.1.1. RAP-PCR: A valid screening approach

The goal of this project was to identify genes which are regulated during nervous

system development. We used RAP-PCR (Welsh et ak, 1992) a PCR-based method

which allows several different RNA samples to be compared in a single

experiment. From such differential display PCRs we isolated six different cDNAs

which showed a developmental regulation. Northern blot analysis confirmed the

regulation patterns of four of these cDNA clones. No signal was detected by

Northern blot analysis with the other two cDNA clones. These results demonstrate

that RAP-PCR is a valid method to identify developmentally regulated genes in a

relative short period of time. By using a slight modification of this technique

incorporating consensus motif primers against kinases, phosphatases,

transcription factors, etc., it can also be used to identify regulated genes belonging

to specific gene families. In this way, screens for specific gene families can be

performed which gives a potential functional impact.

6.1.2. NMP35 is a member of a novel gene family

The RAP-PCR clone which was focused on in this work was named neural

membrane protein 35 (NMP35; see chapter 'Results' p. 26). Extensive database

searches revealed that NMP35 is a member of a novel gene family which to date

has members m C. elegans, Drosophila and mammals, as well as in yeast and in

plants (Fig. 18-20, p. 72 and 73). The fact that members of this gene family are

found in many different organisms suggests they mav have important functions.

A high degree of conversation is tound m the C-terminal portion of NMP35 and

other family members suggesting functional importance (Fig. 8 and 20, p. 34 and

73). With the exception of GBP, there are no data available that could suggest

possible functions for these genes. Both, Drosophila and C. elegans are powerful
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systems to analyze gene functions. Experiments with loss-of-function and gain-of-

function mutations of NMP35 related genes in these organisms will give further

insights into the functions of this gene family and could suggest further

experiments for detailed analysis of these genes in mammals.
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Fig. 18. Phylogenese tree of the NMP35 gene family.
The phylogenetic tree was created using the Pileup method (GCG program package, Version 9.1,
default settings). Acession numbers are hGBP U44954; mGBP AI098920 (only partial sequence in

the database, rest personal communication with Dr. G. Goldberger); rGBP S61973; rNMP35

AF044201; hNMP35 AA326240 (only partial sequence in the database, rest personal
communication with Dr. G. Goldberger), dr2c AI297145; dNMDARAl L37377; ceF40F9.1

CAA94767; ceF40F9.2 CAA94766; atProteinl CAB10252; atProtein2 AAC78271; atProtein3

CAB10325; hProteml AI268976 (only partial sequence in the database, rest personal
communication with Dr. G. Goldberger); enORFI AAC61875; scORFI CAA96233. Abbreviations: h

human, m mouse, r rat, d Drosophila melanogaster, ce Caenorhabditis elegans, at Arabidopsis
thaliana, en Emencella nidulans, se saccharomyces cerevisiae.

Fig. 19. Ammo acid identities between members of the NMP35 gene family.
The percentage of identity is calculated by dividing the identical amino acids by the total compared
length (gaps not included; Bestfit, GCG program package, Version 9.1, default settings).
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Fig. 20. Amino acid sequence comparison of members of the NMP35 gene family.
Black boxes represent amino acids which are identical in at least 50% of the sequences, gray
boxes represent conserved amino acids (Pileup, GCG program package, Version 9.1, default

settings).

6.1.3. NMP35 is predominantly expressed by neurons of the adult CNS

The original RAP-PCR suggested a upregulation of NMP35 in the adult sciatic

nerve. Northern blot analysis verified this upregulation of NMP35 mRNA. By

extended Northern blot analysis we found that NMP35 is predominantly

expressed in the CNS and upregulated after P21 to high levels in the adult (Fig. 9,

p. 36). In situ hybridization studies conclusively showed that NMP35 is

prominently expressed by CNS neurons (Fig. 11 and 12, p. 39 and 4Ü). This

expression and time pattern suggests a function within the adult CNS and maybe

in synapse formation and plasticity of the brain. NMP35 is expressed in both,

Purkinje cells and granule cells of the cerebellum (Fig. 12, p. 40). Granule cells

differentiate postnatally and synaptogenesis occurs around P21, a process which

can be followed in co-culture systems with Purkinje cells and granule cells. Tn this

system sense-NMP35 and antisense-NMP35 constructs could be used to either

overexpress or suppress endogenous NMP35 and to examine a possible

involvement in synaptogenesis. We have already designed retroviral vectors for
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this purpose, however, due to technical difficulties we were unable to obtain titers

high enough for efficient infection. The postmitotic state of the Purkinje cells

which prevents retroviral integration and expression of the transgene also

presents a problem in this system. Adenoviruses are an alternative to retroviruses.

They have the advantage of infecting non-dividing cells. In fact, we have used

adenoviruses to infect Schwann cells m vivo and m vitro and to deliver different

transgenes to these cells (Guenard et al., 1999). The major disadvantage is that

adenoviruses do not integrate and therefore the transgene expression is lost with

time. However, in the Purkinje cell/granule cell co-culture system, expression of

an adenoviral construct may be long enough to influence synaptogenesis.

In early Drosophila larvae, dNMDARAl transcripts are found throughout the

whole embryo, but during the formation of the larval nervous system transcripts

accumulate in the supraoesophagal ganglion, the presumptive brain of the adult

fly (Pellicena-Palle and Salz, 1995). This suggests that dNMDARAl is involved in

the development of the invertebrate nervous system. It would be interesting to

examine the expression pattern of the two C. elegans genes within this family,

particularly with regard to the developing nervous system, as well as that of

NMP35 and GBP during mammalian development. A recent study showed that

some neurotransmitter receptors are already expressed in progenitor cells of the

neural tube during rat embryogenesis, long before synaptogenesis occurs (Scherer

and Gallo, 1998). These receptors may be involved in specification of the broad

variety of different neural cell types of the CNS If NMP35 and GBP are expressed

within this time window it is possible that thev also play a role in the early

development of the nervous system

In contrast to NMP35, GBP is also expressed in non-neuronal tissues (Morhenn et

al., 1994; Schweitzer et al., 1998). This fact suggests that the NMP35 gene family

also has functions outside the CNS. High expression of GBP is found in the large

intestine and the kidney (Fig. 9, p, 36). Both organs have a demand for amino acid
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binding proteins. In the kidney this protein could play a role in the resorption of

glutamate or other amino acids. In the large intestine the protein could be

integrated into the uptake of the essential amino acid glutamate out of the

intestinal lumen. However, precise subcellular localization with anti-GBP

antibodies is needed to address these questions. Another potential function would

be a link to the endocrine system. Even though it is not clear whether the adrenal

gland is innervated by glutamatergic neurons, glutamate receptors are expressed

in this organ (Kristensen, 1993; Watanabe et al., 1994). Furthermore, glutamate

treatment of chromaffin cells from the adrenal gland results in an increased

secretion of catecholamine in vitro (Gonzalez et al., 1998). In situ hybridization or

immunohistochemical studies would elucidate whether GBP and NMP35 are

expressed in the adrenal gland and could, therefore, form part of the nervous

system link to the endocrine system.

6.1.4. NMP35 protein is highly expressed on dendrites

We have raised antibodies against a peptide in the N-terminal portion of NMP35

to elucidate where the NMP35 protein is localized within neurons of the CNS.

NMP35 protein is widely distributed within the CNS supporting the in siiu

hybridization data. Immunohistochemical and immunofluorescent stainings of

brain sections revealed that NMP35 protein is mainly expressed on dendrites and

the surrounding neuropil (Fig. 13-16, p. 58, 59, 61 and 62). Immunoreactivity on

neuronal cell bodies and on axons is either weak or not detectable. Double

immunofluorescence confocal microscopy shows a codistribution of NMP35 with

synaptophysin and a colocalization with GluR2 in many regions of the adult brain

(Fig. 15 and 16, p. 61 and 62). Immunoelectron microscopy supports the

predominant expression of NMP35 on dendrites as the DAB immunoprecipitate is

mainly associated with dendrites but not with axonal processes (Fig. 17A, p. 63

and data not shown). Furthermore, these studies also suggest that NMP35 could

be expressed in a subpopulation ot synapses (Fig 17B, p. 63). All these results
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strongly suggest that NMP35 is selectively targeted to dendritic processes and

possibly to postsynaptic densities.

6.2. What are possible functions of NMP35?

The lack of functional data makes it difficidt to propose a function for NMP35 in

the CNS. However, the expression and localization data presented in this study

raises several possible functions. NMP35 is highly expressed and most prominent

in the CNS. NMP35 protein is mainly tound on dendrites and partially colocalizes

with GluR2. These findings and the homology to the putative glutamate receptor

GBP suggest that NMP35 is involved in neurotransmission in the CNS.

6.2.1. NMP35 and receptor targeting?

NMP35 is found in dendritic processes with a laminar organization as suggested

by electron microscopy (Fig. 17A, p. 63). This pattern might be due to an

association with cytoskeletal elements. Furthermore, NMP35 colocalizes with

GluR2 in some structures. Therefore, It is likely that this intracellular

colocalization is caused by a co-transport in the same vesicles or co-targeting of

the two proteins and that thev may be linked in some way to the cytoskeleton.

Even though there is increasing information about clustering and anchoring of

receptors at the synapse (see chapter 'Glutamate receptor targeting' p. 20 for

details) there is little known about the targeting of receptors itself to different

populations of synapses. The same neuron will send glutamate receptors to

excitatory synapses and GABA receptors to inhibitory synapses and this

distribution seems to be exclusive. The receptors must be brought to the synapse,

integrated into the synaptic membrane and finally anchored in the postsynaptic

density to prevent diffusion within the membrane. Several ways to target a protein

are known, including intrinsic signals inside a protein that targets it to the nucleus

or to mitochondria. Membrane proteins are normally transported by vesicles from

the Golgi compartment to the plasma membrane and in epithelial cells a specific

targeting of membrane proteins has been described. Not all proteins are expressed
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throughout the entire plasma membrane of a cell. Some are selectively targeted to

the basolateral or apical membranes involving lipid raits (for review see Zegers

and Hockstra, 1998). It is possible that receptor targeting in neurons can be

achieved by a selective vesicular transport similar to that in epithelial cells and

NMP35 may be involved in such targeting processes. To test this hypothesis one

could use the co-culture system with Purkinje cells and granule cells. Using

antisense oligonucleotides endogenous levels of NMP35 can be suppressed. The

distribution of other neurotransmitter receptors could then be examined and may

reveal a potential function of NMP35 in receptor targeting.

6.2.2. NMP35andLTP?

LTP is an important form of plasticity in the CNS that is associated with memory.

Recently, silent synapses have been identified in the hippocampus (Durand et al.,

1996; Isaac et al., 1995; Liao et al., 1995). These synapses lack functional AMPA

receptors and only possess NMDA receptors. Upon induction of LTP, functional

AMPA receptors start to be expressed m these synapses resulting in activation and

strengthening of the synapse. One explanation of this phenomenon is a pool of

intracellular AMPA receptors that are recruited to the synaptic membrane. Such

pools of AMPA receptors in dendritic spines have been shown (Richmond et al.,

1996) and it is very likely that vesicular transport is involved in this movement

(Lledo et al., 1998; Spacek and Harns, 1997). MMP35 maybe involved in this

recruitment of receptors to the synaptic membrane. Many studies on LTP are

performed on hippocampal slice cultures. It is potentially difficult to deprive these

slices of NMP35 protein and, therefore, an effect of NJMP35 on LTP will be difficult

to study. A good tool for this purpose would be a transgenic mouse deficient in

NMP35 protein. However, this system Is not optimal since it can not be excluded

that NMP35 plays a role in CNS development and that effects on LTP are

secondary and caused bv developmental disturbances. An alternative is a

transgenic mouse where the mutation is obtained by using an inducible

recombination system based on the Cre recombmase. Recent studies describe a
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fusion between the Cre recombinase and mutated forms of human steroid

hormone receptors, including the progesterone receptor (Kellendonk et al., 1999;

Kellendonk et al., 1996). This ligand-regulated fusion protein does not respond to

progesterone but to the synthetic drug RU486. To study a potential function of

NMP35 m LTP transgenic mice could be generated. One animal would express

this Cre-Progesterone receptor fusion protein under the control ot the NMP35

promotor or another neuronal promotor which is used in adult neurons. The

second animal would contain NMP35 alleles flanked by loxP sequences which will

be recombined bv Cre recombinase activity to generate NMP35 null alleles. After

crossing of these two animals, NMP35 alleles can be removed by application of

RU486 leading to a spatio-temporally controlled null mutation and depletion of

NMP35 protein m neurons of the adult CNS.

6.2.3. Are other proteins interacting with NMP35?

A crucial element of all the putative functions of NMP35 is protein-protein

interaction. An alternative way to find out more about the function of NMP35

would be to find binding partners bv using the veast-two-hybricl system, a

powerful tool to identify interacting proteins. Using this system an interaction of

GluR2 and N-ethylmaleimide-sensrhve fusion protein (NSF) was found

(Nishimune et al., 1998; Osten et al., 1998). NSF plays a central role in general

membrane fusion (Rothman, 1994; Whiteheart et al, 1994). Interestingly, induction

of LTP is blocked by inhibitors ot NSF (Lledo et al., 1998) supporting the theory of

intracellular pools of AMPA receptors that are recruited to the synapse (see also

text above). It is possible that a protein interacting with NMP35 will give further

information about the function of NMP35. NMP35 itself carries consensus sites

that are potentially involved in protein interaction. These are several SH2 and SH3

domain binding sites, a PKC phosphorylation site and a PKA phosphorylation site

(Fig. 21, p.80). Preliminary experiments with immunoprecipitation suggest that

NMP35 is phosphorylated on tyrosine residues, making it likely that at least one of

the SH2 binding domains is interacting with a PTK. This is of special interest as
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phosphorylation is an important mechanism by which receptor activity is

regulated (see chapter 'Regulation of glutamate receptor activity' p. 19 for details).

SH3 SH2

MTQGKLSVANKAPGTEGQQQANGEKKDAPAWSA^PSlYKEATSGEGLKAGAF 52

SH3 SH3 SH2
PQ^PTAV^LKPSWMVOPSSSSGYEGGFPAGHHELFSTFSWDDQKVRQLFIR 104

SH2 SH2 SH2
KVYTILLVQLLVTLAVVALFTFCDVVKDYVQA^PGWYWASYAYFFATiïMïiA 156

SH2
CCSGPRRHFPWNLILLTIFTLSMAYiî^HLSSYYNTTSVLLCLGITALVCLS 208

SH2
VTIFSFQTKFDFTSCHGVLFVLLMTLFFSGLLLAILLPFQYVPWLHAVyAV3Ü 2 60

PKA SH2 SH2
GAGVFTLFLAFDTQLLMGN^RISLSPEEYXFGALNrYliÖTlYIFTFFLQLFG 312

PKC
itftfKE 316

Fig. 21. Potential binding sites for protein kinases within NMP35

NMP35 carries several consensus binding sites for scr homology domain 2 (SH2), scr homology
domain 3 (SH3), cAMP-dependent protein kinase (PKA) and protein kinase C (PKC). Consensus

sites are derived from Pawson and Scott (1997) and Songyang et al. (1994) for SH2/SH3 and from

the PROSITE database (http://www.expasy ch/prosite/) for PKA and PKC.

6.3. Final remarks

In this study we identified NMP35 using RAP-PCR. NMP35 is a member of a

novel gene family with members in C. elegans, Drosophila and mammals. NMP35

mRNA is predominantly expressed in neurons of the adult CNS. NMP35 protein

seems to be selectively targeted to dendrites as most immunoreactivity is found

there. We further show that NMP35 partially colocalizes with GluR2 and

codistributes with synaptophysin. The data presented in this work and the high

homology to the putative glutamate receptor GBP make it possible that NMP35 is

involved in neurotransmission. Further functional experiments will reveal the

function of this fascinating protein.
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