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CHAPTER

6

Discussion

The aim of this thesis was to elucidate the role of the BEACH (beige/Chediak Higashi) protein Neurobeachin in the central nervous system. In chapter 2, where we
focused on the subcellular localization and cytochemical characterization of Nbea,
we showed that Nbea immunoreactivity displays a punctate pattern throughout the
somatic cytoplasm and dendrites, but concentrates especially near the ERGIC and
Golgi complex. This, together with Nbea’s sensitivity to BFA and its lack of colocalization with pre- or postsynaptic markers implies that it might play a role in the
early secretory pathway.
In line with these findings, we discovered in chapter 3 that loss of Nbea leads to
a reduced surface expression of the major receptor types for excitatory and inhibitory
neurotransmitters at synapses, compromising GluA2/3 subunit trafficking from the
ER to the Golgi apparatus or early within the Golgi apparatus, while the subunits
GABAAα 1, GABAAγ 2 of GABAA receptors and GluK2/3 subunits of kainate receptors are probably arrested late within the Golgi apparatus or further downstream.
Since the deglycosylation experiment for the NMDA receptor subunits was not conclusive, we currently can not identify the precise step of the secretory pathway where
NMDA receptor trafficking is compromised. Since Nbea deficiency has little effect
on the surface expression of extrasynaptic receptors (GABAAα 5) or other cell surface
proteins, such as neuroligin 1 or transferrin receptor, it seems that Nbea plays a role
in targeting neurotransmitter receptors specifically to the synapse (see Figure 6.1).
The notion that Nbea is involved in the early secretory pathway is further strengthened by the findings in chapter 4, where we showed that Nbea binds SAP102, a PDZ
(post synaptic density protein, Drosophila disc large tumor suppressor, and zonula
occludens-1) protein known to interact with glutamate receptors early in the biosynthetic route and is proposed to regulate its targeting.

Chapter6
As the SNARE protein Vti1a localizes to the same subcellular compartment as
Nbea, we set out in chapter 5 to examine the function of Vti1a. Although its interaction with Nbea can not be entirely excluded, our findings do not provide convincing
evidence that Vti1a and Nbea proteins act in the same functional pathway. Based
on the results presented in this thesis we come to the conclusion that Nbea regulates
the trafficking of the major ionotropic neurotransmitter receptors to synapses, possibly through its interaction with SAP102, acting early on in the secretory pathway.
However, the precise mechanism of this regulation is not entirely clear.

Figure 6.1 Model of the role of Nbea in neurotransmitter receptor trafficking.

6.1 Targeting of neurotransmitter receptors to synapses
through a MAGUK-AKAP complex
The phenotype of Nbea loss is extremely complex in that it affects the targeting of not
only one specific, but several ionotropic neurotransmitter receptor types (excitatory
as well as inhibitory), that the trafficking of different receptors is arrested at different
stages of the secretory pathway and that it impacts only the surface expression of
receptors at synapses, while the targeting of extrasynaptic receptors is not perturbed.
The number of receptors on the cell surface is determined jointly by secretory and
endocytic pathways and while the latter have been studied rather extensively (Beattie
et al., 2000; Hanley, 2010; Hirling, 2009; Lee et al., 2004; Lin et al., 2000; Petrini et al.,
2009; Wang et al., 2008), relatively little is known about regulation of receptors in
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the early steps of the secretory pathway, particularly the transport between the ER
and the Golgi apparatus (Ma and Jan, 2002).
Like other multimeric cell membrane proteins, glutamate and GABA receptors
are synthesized, folded and assembled in the ER (Tretter and Moss, 2008; Vandenberghe and Bredt, 2004). The ER uses a rigorous quality control (QC) system to
ensure that only correctly folded and assembled proteins exit to the Golgi, while incompletely or incorrectly folded proteins are retained in the ER (Ellgaard et al., 1999;
Vandenberghe and Bredt, 2004). The latter is achieved via different QC mechanisms,
including retention in the ER, ER-associated degradation (ERAD), retrieval to the
ER from downstream organelles, rerouting from the Golgi complex to lysosomes or
vacuoles, and selective cargo capture at the ER ”exit sites”, leading ultimately to
degradation (Ellgaard et al., 1999; Ma and Jan, 2002). In addition to the ER, which
is considered the main compartment for quality control, also the ERGIC and Golgi
complex play a role (Ellgaard et al., 1999). In contrast to the general thought that,
once properly folded and assembled, proteins targeted to later compartments in the
secretory pathway leave the ER by default, with no need for specific traffic signals,
exit from the ER can be under the control of anterograde ER export signals (Ma and
Jan, 2002).

6.1.1

ER retention/retrieval signals

While ER retrieval signals, such as the peptide motifs KDEL and KKXX (X is any
amino acid), which are found at the carboxy (C)-termini of many lumenal and transmembrane ER resident proteins functioning in retrieval of escaped ER proteins from
the ERGIC or the Golgi compartment, have been extensively characterized, the ER
retention mechanism remains poorly defined (Ellgaard et al., 1999; Ma and Jan, 2002).
Arginine-based ER retention/retrieval signals have been identified in NMDA, AMAPA
and kainate receptors (for overview see Vandenberghe and Bredt, 2004). Similar
arginine-based motifs also function as ER retention/retrieval signals during the assembly of GABAA and GABAB receptors (Bollan et al., 2003; Connolly et al., 1999;
Margeta-Mitrovic et al., 2000).
Functional NMDA receptors (NMDARs) are heteromeric complexes that typically
contain a GluN1 subunit associated with different GluN2 subunits (GluN2A-D; Standley et al., 2012). The GluN1/GluN2A and GluN1/GluN2B are the major subtypes
expressed in the mammalian forebrain (Cull-Candy et al., 2001). Among the eight
alternative splice variants of GluN1, GluN1a and GluN1b contain an ER retention
motif (RRR) and are therefore, when expressed alone in heterologous cells or neurons,
not trafficked to the surface, but are retained in the ER (Scott et al., 2001; Standley
et al., 2000; Xia et al., 2001). However, when expressed together with GluN2 subunits, which overcome the ER retention, they assemble to form functional receptors
that reach the surface (McIlhinney et al., 1998; Scott et al., 2001; Xia et al., 2001).
A related ER retention/retrieval signal was reported in the kainate receptor subunit GluK5 (Ren et al., 2003a). Kainate receptors are formed by combinations of
five subunits GluK1-5 (Dingledine et al., 1999). GluK5 forms functional receptors
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only when co-expressed with GluK1, GluK2 or GluK3, while homomeric GluK5 complexes fail to reach the plasma membrane (Ren et al., 2003a). Although the precise
molecular mechanism has not yet been identified, heteromeric assembly with GluK2
overcomes this signal (Ren et al., 2003a; Vandenberghe and Bredt, 2004). An ER retention signal was also identified in the alternatively spliced C-terminal domain of the
GluK1-2b subunit (Ren et al., 2003b). Disruption of this signal results in significant
increase in the surface expression of homomeric GluK1-2b receptors, which otherwise
fail to reach the plasma membrane (Ren et al., 2003b).
Four subunits (GluA1-4) participate in the hetero-tetrameric asembly of AMPA
receptors (Rosenmund et al., 1998). Two major population of AMPA receptor complexes exist: those made out of GluA1 and GluA2 and those made out of GluA2
and GluA3 subunits, with very few complexes containing both GluA1 and GluA3
(Wenthold et al., 1996). The GluA2 subunit dominates major AMPA transmission
properties (Ca2+ permeability, rectification and single-channel conductance) via Arginine (Arg, R) 607, a residue introduced into the GluA2 pore lining domain by RNA
editing at the Q/R site (Greger et al., 2003). Editing at this critical, pore-lining
position is specific for GluA2, as GluA1, -3, and -4 carry a glutamine (Gln, Q) at this
position (Seeburg, 1996), and seems also to regulate AMPA receptor traffic by restricting channel exit from the ER (Greger et al., 2002). While the unedited subunits
GluA1, GluA3 and GluA4 are readily tetramerized and trafficked to the synapse, the
edited GluA2 subunits are largely unassembled and ER-retained (Greger et al., 2003).
Reversion of R to Q results in GluA2’s rapid release from the ER and its elevated
surface expression (Greger et al., 2002). In addition to the arginine residue R607,
an additional retention signal was identified in the C-terminus of GluA2 subunits,
i.e. the juxtamembrane region (∆41-49), as its deletion results in increased GluA2
maturation which correlates with GluA2’s surface expression (Greger et al., 2002).
An ER retention/retrieval motif, ensuring efficient assembly of inhibitory neurotransmitter receptors, was first identified in the G protein-coupled receptor GABAB
(Margeta-Mitrovic et al., 2000). The C-terminal motif RXR(R) of the GB1 subunit
that prevents GB1’s expression on the cell surface is masked through its interaction
with the C-terminal coiled-coil α helix of GB2 (Margeta-Mitrovic et al., 2000). Similar
regulatory mechanisms have been proposed to exist for ionotropic GABAA receptors
(Bollan et al., 2003; Connolly et al., 1999). The latter are constructed as pentameric
structures from multiple subunits selected predominantly from the following distinct
classes: α(1-6), β(1-3), γ(1-3), δ, η, Θ and π, creating considerable potential for
structural diversity, which is enhanced by alternative splicing of some of these subunit mRNAs (Bollan et al., 2003; Connolly et al., 1999). In the case of the γ2 subunit,
two splice variants exist termed γ2 short (γ2S) and γ2 long (γ2L), differing by the
presence of eight amino acids (LLRMFSFK) within the major intracellular loop between trans- membrane domains 3 and 4 (Connolly et al., 1999). This eight amino
acid insert in γ2L is a putative ER retention signal, since γ2S is capable of reaching
the cell surface as a non-functional monomer, while the γ2L subunit is retained in
the ER unless both α and β subunits are available to permit αβγ receptor formation
and subsequent cell-surface expression (Bollan et al., 2003; Connolly et al., 1999).
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6.1.2

PDZ domain-mediated suppression of ER retention

Interestingly, in addition to ER retention suppression by oligomerization of complementary subunits, also association and masking can be achieved by non-transmembrane
domain containing, soluble proteins (Standley et al., 2000). Indeed, the ER retention
signal in GluN1 splice variants can also be overcome by the presence of a PDZ-binding
domain (GluN1 isoform 3), suggesting that a PDZ protein may interact with the
GluN1 subunit while it is in the ER and promote exit from the ER (Prybylowski and
Wenthold, 2004). One of the most highly studied interactions of the NMDAR is with
the PDZ domains of membrane-associated guanylate kinases (MAGUKs), including
SAP102, SAP97, PSD-93 and PSD-95, which are highly expressed in neurons, contain
multiple protein-protein interacting domains, and appear to play a role in scaffolding of the postsynaptic density (Kim and Sheng, 2004; Zheng et al., 2011). SAP102
coimmunoprecipitates with the PDZ binding-domain of the GluN1 splice variant 4
(which contains the PDZ-binding domain, but not the ER retention signal) when
co-expressed in HEK293 cells (Standley et al., 2000). In addition, SAP102 also associates with GluN1 in vivo, as endogenous GluN1 subunits coimmunoprecipitate with
SAP102 from rat brain microsomal fractions, which contain ER membranes and Golgi
vesicles (Standley et al., 2000).
In contrast to these data, no colocalization could be observed with endogenous
SAP102 when GluN1 isoform 3 was fused to GFP-tagged temperature-sensitive vesicular stomatitis viral glycoprotein (VSVG) mutant and expressed in neurons . Furthermore, the GluN1 PDZ binding motif seems to function also as an export signal,
by binding COPII and recruiting receptors to the ER exit sites (Mu et al., 2003),
raising doubt about SAP102 suppressing the ER retention signal. The precise role of
GluN1 C-terminal splice variants in trafficking and protein-protein interaction therefore remains uncertain.
The ER retention signal of the kainate receptor does not seem to be regulated by
PDZ interactions, since the removal of GluK1-2b’s PDZ binding sequence does not
affect its retention (Ren et al., 2003a). Similarly, co-expression of SAP90 with GluK5,
which has been shown to interact with the PSD-95 protein family (including SAP102)
via its C-terminal PXXP motifs (Garcia et al., 1998), had no effect on its ER retention (Ren et al., 2003b). However other PDZ binding sites might be of importance,
like the one of GluK2 which has been shown to interacts with SAP102 (Hirbec et al.,
2003).
Interestingly, the PDZ binding motifs in the AMPA receptor subunit C-terminal
tails are also required for their ER exit, since deletion of the PDZ ligand in GluA2
drastically decreases their maturation and ER export (Greger et al., 2002). A likely
candidate to mediate GluA2 export is the PDZ protein PICK1 (protein interacting
with C kinase-1; Greger et al., 2002). The only PDZ protein to interact with Cterminal tails of immature GluA1 subunits identified so far, is PSD97 (Sans et al.,
2001). The latter interacts with GluA1-GluA2 containing AMPA receptors early in
the secretory pathway, i.e. while the receptors are in the ER or cis-Golgi, dissociating
from the complex at the plasma membrane (Sans et al., 2001).
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6.1.3

Phosphorylation-mediated suppression of ER retention

The GluN1 ER retention/retrieval signal is immediately followed by phosphorylation
sites for protein kinase C (PKC) and protein kinase A (PKA), S896 and S897, respectively (Tingley et al., 1997). Mutating these serine residues to negatively charged
residues (aspartic acid), mimicking the phosphorylation that would normally occur
due to PKC or PKA activation, abolishes ER retention of GluN1 when fused two the
C-termini of two heterologous reporter proteins Tac or CD8 (Scott et al., 2001; Xia
et al., 2001). Moreover, activation of PKC by phorbol 12-myristate 13-acetate (PMA)
leads to increased surface expression of the Tac-GluN1a fusion protein in COS7 cells
(Scott et al., 2001). This result, however could not be replicated in HEK293 cells,
either because not enough time was allowed for surface expression to occur, or because
of differences in the kinetics of activation or subcellular distribution of endogenous
PKC in HEK293 and COS cells (Xia et al., 2001). Also, activation of PKA with
forskolin did not increase surface expression of CD8-GluN1 in HEK 293 cells, suggesting either that S897 is not accessible to PKA (due to a possible block of the ER
retention machinery), or that active PKA is not in the appropriate subcellular compartment (Xia et al., 2001).
In contrast to GluN1 subunits, phosphorylation-mimicking mutation of the serine
and threonine residues in Tac-KA2 does not promote its egress from the ER (Ren
et al., 2003b). Consensus sites for serine/threonine protein kinases are also found in
the C-terminal domain of GluK1-2b (Ren et al., 2003a). The latter was shown to
be phosphorylated in vitro by PKA and PKC (Cho et al., 2003; Hirbec et al., 2003).
A phosphorylation-mimicking mutation near the ER retention signal of a Tac-K1-2b
receptors was shown to promote surface delivery of the receptor, although activation
of endogenous PKA or PKC did not appear to increase surface expression (Ren et al.,
2003a). Albeit the data are not conclusive, it is possible that GluK1-2b trafficking
is regulated by direct phosphorylation (Ren et al., 2003a). In addition, GluK2 expressed in HEK cells can be phosphorylated by PKA (Raymond et al., 1993; Wang
et al., 1993).

6.1.4

The role of SAP102 in synaptic targeting of NMDA
receptors

A PDZ-binding domain (-ESDV) is also present on the extreme C-terminus of the
GluN2A/B subunits (Sheng, 2001). As truncation of nearly the entire C-terminus
of GluN2A in mice significantly diminishes appropriate synaptic targeting of GluN1/
GluN2A∆C heteromers, and transfection of GluN2B subunits lacking the PDZ-binding
domain in primary cerebellar cortical granule cells results in the absence of incorporation of NMDA receptors into the synapse, this domain seems to be critical for
localization of the NMDAR specifically to the synapse (Prybylowski et al., 2002;
Standley et al., 2012; Steigerwald et al., 2000). Unfortunately, these experiments do
not distinguish between impairment in transport, targeting, or anchoring of NMDA
receptors. Therefore, the described results can be interpreted according to the general
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notion that MAGUKs function to stabilize NMDA receptors at the synapse (preventing receptor migration to extrasynaptic sites or increased endocytosis at synaptic
sites) or alternatively, can be used to support the role of the PDZ domain early on in
the biosynthetic pathway (Prybylowski et al., 2002; Standley et al., 2012). Also, the
experiments described above do not answer the question whether the synaptic and
extrasynaptic receptor pools are separated before or after reaching the final delivery
site.
Although the GluN2A and GluN2B subunits contain identical PDZ-binding domains, there are indications that SAP102, which is prominent in the neonate, associates with GluN2B rich receptors, while PSD-95, which levels rise later in the
second postnatal week, preferably associates with GluN2A subunits (Müller et al.,
1996; Sans et al., 2000; Townsend et al., 2003). Experiments using chimeric proteins
consisting of a GFP-tagged temperature-sensitive vesicular stomatitis virus glycoprotein G (VSVG) mutant and the distal cytoplasmic C-termini of GluN2A or GluN2B
revealed that endogenous SAP102 associates with GluN2A/B subunits early after ER
exit, i.e. at the level of the cis-medial -Golgi apparatus, while removal of the distal C-terminal 7 amino acids of GluN2B (GluN2B∆7) abolishes this colocalization
(Standley et al., 2012). Although the formation of the GluN2B/GluN1/SAP102 complexes, which are probably co-transported to the vicinity of the synapse, is dependent
on the PDZ binding domain of GluN2B subunits, association with SAP102 plays no
distinguishable role in synaptic targeting, but instead seems to anchor NMDA receptor complexes in the postsynaptic structures, since GluN2B∆7 chimeras are initially
targeted appropriately, but lack the capacity to remain anchored in the vicinity of the
postsynaptic structure (Standley et al., 2012). These data therefore favor the idea
that the synaptic and extrasynaptic receptor pools are separated only after reaching
the final delivery site.
Another line or evidence that SAP102 might be involved early on in the biosynthetic pathway comes from experiments in recombinant systems and in neurons, where
GluN2B, when transfected without GluN1, remains in the ER and associates with
endogenous SAP102 and co-transfected Sec8, to form the NMDA receptor targeting
protein complex GluN1/GluN2B/ SAP102/Sec8/m-Pins (Sans et al., 2003, 2005). In
COS cells the Sec8-SAP102-NMDAR complex is formed in the ER (Sans et al., 2003).
Sec8 is a member of the exocyst, a large complex of proteins that is thought to direct
intracellular membrane vesicles to their site of fusion with the plasma membrane (Hsu
et al., 1999). The exocyst localizes to growth cones and tips of growing neurites in
developing neurons, i.e. at points of rapid membrane addition (Hazuka et al., 1999),
but is also associated with intracellular compartments, including the ER, Golgi apparatus and trans-Golgi network (Hoogenraad and Sheng, 2003). Interestingly, if the
Sec8 interaction with SAP102 is blocked by the introduction of a dominant-negative
form of Sec8, surface delivery of NMDAR is blocked (Sans et al., 2003). However,
if the NMDAR interaction with SAP102 is blocked by deletion of the PDZ-binding
domain on the NMDAR, the NMDAR can still be delivered to the cell surface by
an exocyst/SAP102-independent process, but the synaptic delivery is compromised
(Sans et al., 2003). This is in line with the VSVG chimeras experiments described
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above, where also the removal of the distal C-terminal 7 amino acids of GluN2B disrupts the interaction with SAP102, but does not prevent GluN2B surface expression
(Standley et al., 2012).

6.1.5

Nbea - a regulator of the SAP102-exocyst complex

Figure 6.2 Nbea plays a dual role in the secretory pathway. Nbea is involved in
a quality control mechanism at the level of the ER exit (1), ensuring, possibly through the
interaction with SAP102, that only properly assembled multimeric protein complexes leave
the ER. In addition, Nbea also functions later in the secretory pathway, i.e. in the transport
of receptors from the Golgi to the plasma membrane (2). Adapted from Bard and Groc,
2011.

Taking all the findings listed above into account, a picture emerges wherein Nbea
might mediate major ionotropic neurotransmitter receptor trafficking indirectly by
regulating the SAP102 exocyst complex. Figure 6.2 depicts Nbea’s potential role in
NMDA receptor trafficking.
SAP102 has been reported to interact with GluN2A/B subunits at the level of
the ER, cis- and medial-Golgi (Sans et al., 2003, 2005; Standley et al., 2012). Based
on our study described in chapter 4 we know that Nbea associates with SAP102,
presumably in the early steps of the secretory pathway. Furthermore SAP102 also
interacts with the exocyst component Sec8. Since our deglycosylation experiments delineated in chapter 3 were inconclusive for NMDA subunits, we do not know whether
NMDA receptors accumulate early in the secretory pathway, i.e. in the ER, ERGIC
or cis-Golgi, or whether their trafficking is arrested further downstream. It is possible
that Nbea facilitates transport from the ER to the Golgi by mediating the suppression of ER retention signals. Although these are mere speculations, both suppression
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mechanisms described above, i.e. PDZ domain- and phosphorylation-mediated suppression, might act synchronously and Nbea might therefore, by binding to SAP102,
act as a scaffold, positioning PKA close to the receptor phosphorylation site. Since
only a fraction of SAP102 interacts with Nbea, and vice versa only a subset of Nbea
is immunoprecipitated by SAP102 (see chapter 4), we do not believe that Nbea
traffics together with the SAP102-Sec8 complex to the synapse, but remains at the
ER and Golgi apparatus instead. Based on the results above, we propose that once
the SAP102/GluN1/GluN2B/Sec8 complex reaches the plasma membrane, NMDA
receptors get either inserted directly into the synapse or rapidly translocate to the
synapse after exocytosis at nonsynaptic loci, and are anchored there due to their interaction with SAP102. Since the consequence of disrupting GluN2B’s interaction
with SAP102 is reminiscent of the Nbea null phenotype, i.e NMDA receptors are still
delivered to the surface, while their synaptic delivery is compromised (Sans et al.,
2003), we suggest that Nbea, possibly through phosphorylation of NMDA subunits,
mediates SAP102’s interaction with GluN2B subunits and thereby helps to overcome
the ER retention signal (depicted as Nbea’s function 1 in Figure 6.2).
The question arises why in our colocalization studies (see chapter 2) we do not
observe any notable overlap of Nbea immunoreactivity with the ER marker KDEL?
Furthermore, if Nbea’s function is restricted to the early secretory pathway, what is
the role of Nbea’s dendritic puncta?
The tetrapeptide ER retrieval motif KDEL is located on many ER resident proteins (Raykhel et al., 2007) and is, as seen in Figure 2.2A evenly distributed throughout the ER. Proteins destined for other organelles, however emerge from specialized
ER-exit sites (ERES). Therefore, Using a specific marker for ERES might provide insight into whether Nbea is located at this specialized exit sites or not. Alternatively,
the GluN1/GluN2B/SAP102/Sec8 complex might assemble at the level of the Golgi,
where Nbea binds to SAP102 and thereby mediates (by a yet unidentified mechanism)
the exit of the GluN1/GluN2B/SAP102/Sec8 complex out of the Golgi, possibly via
a phosphorylation event. Given its size and domain architecture, Nbea might also
function in additional, SAP102 independent cellular pathways, e.g. budding of transport vesicles from the TGN, a process that has been shown to require PKA activity
(Muniz et al., 1997; depicted as Nbea’s function 2 in Figure 6.2).
The function of the dendritic Nbea puncta remains to be determined. Since, we
never visualized Golgi outposts in our preparation, we can not for sure exclude the
possibility that Nbea does also reside at Golgi outposts. Therefore, this possibility is
also depicted in Figure 6.2. However, several lines of evidence described in chapter
2 argue against the dendritic Nbea puncta representing Golgi outposts.
The partial overlap of these puncta with recycling endosome markers Rab11-GFP
and transferrin receptor indicates that Nbea might also play a role in recycling of
neurotransmitter receptors to the cell surface. Indeed, it has been proposed that activation of AMPARs or NMDARs by glutamate leads to endocytosis of AMPARs into
early endosomes, and that AMPAR internalization triggered by NMDAR activation,
is followed by rapid, PKA-dependent AMPAR reinsertion via recycling endosomes
(Ehlers, 2000; this potential role of Nbea is not depicted in Figure 6.2).
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6.1.6

Multiple actions of Nbea?

The model proposed in Figure 6.2 could potentially be generalized to trafficking of
AMPA receptors. Nbea KO neurons show 50% reduced levels of maturely glycosylated GluA2/3 subunits, suggesting that Nbea deletion compromises GluA2/3 subunit
trafficking from the ER to the Golgi apparatus or early within the Golgi apparatus. In
addition, GluA2 also contains ER retention signals and a PKA phosphorylation site,
although its role in repressing the ER retention signal has not been investigated (Song
and Huganir, 2002). Although SAP102 does not bind to the PDZ binding domain of
GluA2, it might interact with GluA2 indirectly via an interaction with a PDZ protein
that in turn does bind GluA2, i.e. PICK1 or GRIP1 (Song and Huganir, 2002).
However, extending the proposed model to kainate receptor trafficking becomes
more challenging. Although the kainate receptor subunit GluK5 contains an ER retention site, and has been shown to bind SAP102, phosphorylation-mimicking GluK5
mutations do not promote its egress from the ER (Garcia et al., 1998; Ren et al.,
2003b). Furthermore, upon Nbea loss, kainate receptors trafficking is arrested at
the level of transport between the Golgi and the plasma membrane as established
in chapter 3. Also, whether the regulation of GABAA receptors, which are also
arrested at the level of transport between the Golgi and the plasma membrane (see
chapter 3) can be reconciliated with our proposed model is questionable.
Taken together, it seems more likely that Nbea plays a dual role in the secretory pathway. Its earliest action is at the level of the ER exit, where it seems to
be involved in a quality control mechanism ensuring that only properly assembled
multimeric protein complexes leave the ER. Additional experiments are needed to determine whether Nbea’s binding to SAP102 is important for this action. In addition,
our results suggest that Nbea also functions later in the secretory pathway, i.e. in the
transport of receptors from the Golgi to the plasma membrane. However the site of
action and the precise mechanism remain to be determined (see Figure 6.2).

6.2 Future perspectives
Although this thesis yielded invaluable insights into Nbea’s role in the central nervous
system, it also aroused many new questions. For instance, it will be interesting to
determine, whether Nbea’s interaction with SAP102 is a prerequisite for the quality
control of receptor assembly exerted by Nbea at the level of the ER or not. Having
identified a mutation within the PH domain of Nbea that disrupts the binding to
SAP102, the next step is to introduce this mutation into the full-length Nbea and see
whether the expression of the mutated construct still rescues the Nbea null phenotype.
Alternatively, one could overexpress the Nbea fragment that binds to SAP102 in WT
neurons and investigate whether this leads to a phenocopy of the Nbea null phenotype. Similar experiments could be performed to investigate the extent or Nbea’s
function as an AKAP is still not resolved. Similarly designed experiments , i.e. excising Nbea’s PKA binding site and expressing the mutant in Nbea KO neurons could
be used to investigate the importance of Nbea’s function as an AKAP.
168

Discussion
Overexpressing SAP102 does not rescue the Nbea KO phenotype (personal communication with our collaborator Ramya Nair). According to our model of Nbea
acting as a regulator of the SAP102-exocyst complex, a rescue is also not expected.
If Nbea is required for SAP102 to bind to receptor subunits and/or phsophorylate
receptor subunits to override the ER retention signal, expressing more SAP102 on a
Nbea null background will still not enable SAP102 binding to GluN2A. Based on the
same rationale, we also do not expect Nbea to rescue the SAP102 null phenotype,
which is surprisingly subtle.
SAP102 null mice are viable, have normal brain structure and exhibit normal
basal synaptic transmission (Cuthbert et al., 2007). Their only overt phenotype is
that they show impaired spatial learning as well as altered LTP and spike-timing plasticity (Cuthbert et al., 2007). The lack of phenocopy in glutamatergic transmission in
adult SAP102 KO mice (Cuthbert et al., 2007) could be due to molecular redundancy
among PSD-MAGUKs, leading to functional compensation for these perturbations,
thereby confounding the phenotype of the KO (Elias et al., 2006). In line with this,
SAP102/PSD95 double KO mice do not survive beyond P3 (Cuthbert et al., 2007).
In PSD95/PSD93 double KO animals, SAP102 is upregulated and partially compensates for PSD95 and PSD93 in NMDAR as well as AMPAR trafficking and it seems
to be the predominant MAGUK for AMPAR trafficking early in development (Elias
et al., 2006).
Knocking down SAP102 by in utero electroporation of shRNAs at embryonic day
16 (E16), reduces AMPAR and NMDAR EPSC amplitudes as well as mEPSC amplitude and frequency in hippocampal CA1 pyramidal neurons at postnatal day 7 (P7),
suggesting that SAP102 coregulates the synaptic trafficking of AMPARs and NMDARs during synaptogenesis (Elias et al., 2008). Expectedly, SAP102 overexpressing
neurons show a 3-fold enhancement in AMPAR EPSC amplitude and a 2-fold increase
in the amplitude of NMDAR EPSCs (Elias et al., 2008). Synapse maturation is not
impaired by the early knockdown of of SAP102, as no abnormalities can be detected
in AMPAR or NMDAR EPSCs at P15-P17, implying again that the increasing levels
of other MAGUKs (such as PSD-95 or PSD-93) during maturation can compensate
for SAP102 loss (Elias et al., 2008). In utero overexpression of SAP102 results in an
increase in amplitude of AMPAR and NMDAR EPSCs during synaptogenesis (P7)
and this effect which persists throughout synapse maturation (P15-17; Elias et al.,
2008). Overexpression of SAP102 at mature synapses (from P6-P11 rats) only affects
the amplitude of AMPAR EPSCs (Schnell et al., 2002). These results fit well with
our model, where SAP102 is crucial for overcoming the ER retention signal, as well
as anchoring receptors at the synapse.
An important step towards a better understanding of Nbea’s function, will be
also to unravel the significance of Nbea’s presence in the dendrites and to establish
whether the dendritic puncta are mobile or stationary. Confirming and investigating other potential interactors of Nbea that were identified by mass spectrometry in
chapter 4, should also lead to additional clues about Nbea’s role.
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