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5. Discussion 

5.1. Summary of the results 

5.1.a. PICK1 interacts with α7 nAChR 

In this thesis we identified PICK1 as an interaction protein of α7 nAChR. 

PICK1 binds via its PDZ domain to the large cytoplasmatic loop of α7 nAChR. 

The interaction has been confirmed in IP experiments using the native 

proteins. However colocalization of α7 nAChR clusters and PICK1 clusters in 

neuronal cultures has been rarely observed suggesting an intracellular 

cytosolic interaction of the two proteins. Expression of PICK1 in neuronal 

cultures caused decreased α7 nAChR clustering in a PDZ-dependent way. 

We propose PICK1 as a regulator of α7 nAChR clustering by a direct 

interaction with the receptor, possibly modulating its surface expression. 

5.1.b. Single particle tracking of α7 nAChR 

In addition to interacting proteins, α7 nAChR clustering is also dependent on 

membrane dynamics of the receptor. Single particle experiments allow the 

investigation of the diffusion behavior of single receptors within the 

membrane. Further, the analysis of the population of all receptor trajectories 

reveals the general diffusion behavior of the receptor. Single particle 

experiments help to understand the receptor dynamics and confinement 

behavior which are involved in receptor turn over and localization of receptor 

function. Receptor localization and mobility are often dependent on neuronal 

activity pointing to a tightly regulated and adaptive system to control the 

receptor specific ion influx and its consequences (Groc et al., 2004; Levi et al., 

2008). 

The investigation of α7 nAChR membrane diffusion demands an accurate 

approach, assuring that the experimental setup has a minimal influence on 

receptor mobility. Earlier studies using latex beads coupled to receptors 

suffered from the size of the coupled complex (Dahan et al., 2003). In our 

study we used QDOTs coupled to α7 nAChR via α-BT. In comparison to IgGs 

which were used in previous receptor tracking experiments to link the QDOT 
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to the receptor (Triller and Choquet, 2008), α-BT is much smaller in size. 

Extensive investigations by other groups revealed that receptor coupled 

QDOTs are not altering receptor mobility at all. Only in protein dense 

environments as the synaptic cleft a reduction in the freedom of mobility has 

been observed. It is generally accepted that in QDOT coupled receptor 

experiments, the diffusion limiting component is the receptor in the membrane 

itself (Groc et al., 2007). 

Our single particle tracking experiments revealed α7 nAChRs to be very 

mobile within the plasma membrane. Sites where α7 nAChR diffusion is 

decreased are sites where α7 nAChR clusters are formed. These mobility 

traps were found to be extrasynaptic and perisynaptic close to GABAergic and 

glutamatergic PSDs. Analysis of perisynaptic α7 nAChRs revealed that the 

receptor is more frequently localized to glutamatergic synapses than to 

GABAergic synapses. Further, glutamatergic perisynaptic α7 nAChRs feature 

smaller diffusion coefficients than GABAergic perisynaptic ones. Single α7 

nAChRs are able to enter the synaptic cleft but retention was observed only 

perisynaptically and in extrasynaptic patches. Altogether we show that these 

retention mechanisms are independent of the actin or the microtubule network 

but are regulated by overall neuronal activity. Formation of perisynaptic 

clusters points to a role of α7 nAChR in modulating postsynaptic actions and 

cellular signaling. 

5.2. In agreement or controversial? 

5.2.a. The interaction of PICK1 with α7 nAChR is uncommon 

Our work presents new findings which are consistent with the present model 

and expands the level of knowledge of α7 nAChR. The identification of PICK1 

as an interaction partner of α7 nAChR perfectly agrees with the reported 

functions of PICK1. PICK1 has been shown to regulate the subcellular 

localization and surface expression of its PDZ domain binding partners (Perez 

et al., 2001; Torres et al., 2001; Terashima et al., 2004). To date, over 40 

proteins have been identified to interact with PICK1 (Xu and Xia, 2006). 

Moreover PICK1 was identified as a modulator of AMPAR trafficking and the 
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removal of the receptor from the membrane. Thereby PICK1 displaces 

ABP/GRIP from the C-terminus of the GluR2 subunit initiating the 

internalization of the AMPAR (Hanley, 2008). Based on these reports the 

regulation of α7 nAChR clustering by PICK1 is plausible. While the interaction 

of PICK1 with AMPAR is achieved via PICK1’ PDZ domain and the PDZ 

binding domain at the C-terminal end of the receptor (Dev et al., 1999; Xia et 

al., 1999), the interaction of PICK1 with the α7 nAChR is uncommon. PDZ 

proteins recognize and bind to other proteins usually at the C-terminal end 

(Songyang et al., 1997). In contrast, the large cytoplasmatic loop of α7 

nAChR comprises an unknown PDZ binding domain to which PICK1 binds. 

Our finding is one of the few reports where an internal receptor sequence 

forms a PDZ binding domain. 

Immunocytochemistry experiments revealed that AMPARs co-cluster with 

PICK1, strengthening the finding of the AMPAR-PICK1 interaction (Dev et al., 

1999; Xia et al., 1999). In contrast, we found α7 nAChR clusters only rarely 

colocalizing with PICK1. The absence of colocalization challenges a 

hypothesized interaction of α7 nAChR and PICK1 at the cell surface 

membrane. Even though AMPARs and α7 nAChRs are both neurotransmitter 

receptors binding to PICK1, the underlying mechanism and the significance of 

the PICK1 interaction is probably totally different. This is discussed in chapter 

5.3. PICK1 and α7 nAChR are interacting with each other, but the cellular 

localization of the interaction is unclear. The enrichment of PICK1 in a 

perinuclear localization opens the possibility of an interaction at the ER or the 

Golgi. The observed PICK1 regulated α7 nAChR clustering might be due to 

an intervention into exocytosis or endocytosis of the receptor. Thereby PICK1 

could play a role in receptor assembly, degradation and retention. Further 

possibilities are a regulatory role of PICK1 in posttranslational modifications of 

the receptor. 

5.2.b. Single particle tracking reveals the perisynaptic localization 

of α7 nAChRs 

Our single particle experiments uncovered for the first time the real diffusion 

behavior of α7 nAChRs. The diffusion coefficient values of α7 nAChRs 
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exhibited the full range of velocities, from confined to freely mobile receptors. 

The distribution of α7 nAChR diffusion coefficients was similar to that of other 

neurotransmitter receptors (Dahan et al., 2003; Heine et al., 2008). Further, 

the steady state behavior of clusters, where single receptors enter and leave 

a cluster, was in agreement with reports from other receptors (Triller and 

Choquet, 2008). These findings firstly confirm that our single particle 

approach yields reliable results and secondly that the α7 nAChR does not 

exhibit a totally different diffusion behavior but rather comprises diffusion and 

confinement mechanisms comparable to other receptors. 

We could show that the receptor labeling complex, comprising the antibody 

and the linked QDOT are small enough to enter the synaptic cleft, even 

though the mobility within the cleft might be altered. This important feature of 

QDOT labeling has been discussed recently (Groc et al., 2007). 

More controversial was the localization of α7 nAChR clusters. Evidence for 

extrasynaptic α7 nAChR has been shown in several reports (Fabian-Fine et 

al., 2001; Jones and Wonnacott, 2004). However the perisynaptic localization 

of α7 nAChRs in GABAergic and glutamatergic synapses was debated but 

has never been shown unambiguously (Berg and Conroy, 2002). Only 

ultrastructural studies were able to detect α7 nAChR in a perisynaptic annulus 

(Fabian-Fine et al., 2001). Controversially, work using immunocytochemistry 

in neuronal cultures identified α7 nAChR in GABAergic PSDs. Therefore our 

findings of α7 nAChRs in perisynaptic GABAergic and glutamatergic sites are 

new. Discrepancies with published work showing α7 nAChR in PSDs, rather 

than perisynaptically, are probably due to the limited resolution of the 

microscopes used. Our results will contribute to clarify the ongoing debate. 

5.3. What role does PICK1 play? 

The α7 nAChR dynamics project had two specific aims. First, the 

characterization of the diffusion behavior of a homomeric ligand-gated ion 

channel has never been studied. Second, to reveal the mechanism of PICK1 

regulating the clustering of α7 nAChR. Overexpression of PICK1 in neurons 

reduced α7 nAChR clustering at the cell membrane. By analyzing the α7 

nAChR dynamics upon PICK1 overexpression we expected to uncover the 
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function of this interaction. If PICK1 interacts at the membrane with α7 

nAChR, an increased PICK1 level would result in a decreased diffusion 

coefficient of α7 nAChR.  

Overexpression of PICK1 in rat hippocampal culture was only possible for 2 

days. Longer lasting expression was toxic and resulted in cell death. Analysis 

of α7 nAChR mobility in 24h post-PICK1 transfected GABAergic interneurons 

revealed no significant difference compared to EGFP transfected ones. Apart 

from the toxic effect of PICK1 overexpression there are other possibilities to 

explain this lack of effect on α7 nAChR mobility. It is possible that the 

modulation by PICK1 on α7 nAChR mobility is too subtle to be detected with 

our system. An alternative and the most probable way to explain the lack in 

surface α7 nAChR mobility change by PICK1 is that PICK1 and α7 nAChR 

are not interacting at the cell membrane, in agreement with the absence of 

PICK1-α7 nAChR colocalization in immunocytochemistry experiments. 

PICK1 comprises a BAR domain which is known to interact with lipid 

molecules, mainly phosphoinositides (Xu and Xia, 2006). It is therefore very 

likely that PICK1 is active at a phospholipid membrane. Since α7 nAChR and 

PICK1 are probably not interacting at the cell membrane, intracellular 

compartments come into account. One possibility would be the α7 nAChR-

PICK1 interaction at intracellular recycling endosomes where α7 nAChRs is 

pooled by a PICK1-dependent mechanism. Another possibility would be the 

perinuclear localization of PICK1 as mentioned above. PICK1 might act on α7 

nAChRs at the Golgi complex or even at the endoplasmatic reticulum (ER) 

level. There PICK1 could be involved in translational modifications of α7 

nAChR, influencing the transport of the receptor to the cell membrane. PICK1 

could also be involved in receptor assembly and degradation. ~80% of the 

synthesized nAChRs are degraded due to misfolding and assembling into 

unfunctional receptor pentamers (Albuquerque et al., 2009). PICK1 could 

therefore be involved in the quality control of α7 nAChRs. 

Taken together, the absence of a detectable interaction between PICK1 and 

α7 nAChR at the cell membrane does not reduce the possible ways of how 

PICK1 modulates α7 nAChR cell surface expression and clustering. PICK1 

interaction at any level, at organelles, at the Golgi complex, and at the ER 
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remains possible. Regarding the fact that PICK1 comprises a big collection of 

interaction partners enables hundreds of possible mediated interactions with 

α7 nAChR. Hypothetically, the PDZ domain of PICK1 allows the PICK1-

mediated pairing and interaction of any kind of protein comprising the PDZ 

binding domain. 

It is therefore difficult at the current stage to make any clear statements. 

However, it is important to underline again the significance of protein 

interactions with α7 nAChR via PICK1. E.g. protein kinase C alpha (PKCα) 

could potentially be recruited by PICK1 and activated by α7 nAChR mediated 

Ca2+ influx. Activated PKCα has been implicated in a variety of signaling 

pathways which therefore increases the potential range of α7 nAChR related 

consequences. Further, PICK1 could promote the interaction of unknown 

adaptor proteins with α7 nAChRs. Dependent on the adaptor protein, α7 

nAChR localization and concentration could be specifically regulated allowing 

the tight control of α7 nAChR induced Ca2+ influx. 

Further investigations will narrow down the subcellular localization of the 

interaction between α7 nAChR and PICK1, helping to understand the role of 

PICK1 playing in α7 nAChR surface expression and clustering. 

5.4. In vivo significance of the present results 

5.4.a. Limits of the in vitro approach 

One of the main determinants for investigating a biological question is the 

choice of the experimental setup. The setup has to fulfill several conditions. 

Biological relevance in regard to the in vivo situation, reproducibility, 

accessibility, and costs are just a few of the many parameters. To uncover the 

biological functions of α7 nAChR we chose rat primary neuronal hippocampal 

cultures. These cultures are widely used in neuroscience for 

electrophysiological and immunocytochemical experiments. Though neuronal 

cultures are very common and many findings were confirmed in slice cultures 

and also in vivo, the investigation of α7 nAChRs in rat hippocampal neuronal 

cultures has one major limitation. In vivo, hippocampal interneurons are 

innervated by cholinergic neurons from the medical septum and nucleus of 
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the diagonal band of Brocca. Even though most of this innervation is based on 

volume transmission of ACh, without the typical synaptic structure of pre- and 

postsynapse, a comparable input is lacking in our neuronal culture system. 

One has to keep in mind that α7 nAChRs in our culture system are probably 

inactive due to the missing activation by ACh. Potential consequences are 

changes in α7 nAChR density due to altered recruitment of interacting 

proteins. Further, the absence of α7 nAChR activation could affect 

downstream signaling cascades affecting the gene expression pattern. 

However, Zago et al. showed in embryonic hippocampal slices that α7 

nAChRs co-distribute with GABAARs localized at the tips of filopodia, even in 

the absence of presynaptic innervation. Furthermore, in septal-hippocampal 

co-cultures, α7 nAChR/GABAAR positive innervated filopodia were apposed 

by cholinergic and GABAergic terminals (Zago et al., 2006). In other words, 

α7 nAChRs aggregate on somato-dendritic localization and on tips of 

filopodia. On filopodia α7 nAChRs colocalize with GABAARs where they can 

be double-innervated by cholinergic and GABAergic terminals. These findings 

are very similar to the α7 nAChR distribution in our cultures. However, in 

addition, we identify α7 nAChRs extrasynaptically and co-distributing 

perisynaptically at PSDs. This is supported by two other studies. 

Glutamatergic perisynaptically localized α7 nAChRs and extrasynaptic α7 

nAChRs were discovered by EM (Fabian-Fine et al., 2001; Jones and 

Wonnacott, 2004). 

All the reported localizations of α7 nAChRs agree with our findings. Moreover, 

our neuronal cultures comprise a significant proportion of glia and astrocytes 

which assist with their presence the growth and development of healthy 

neurons. 

These features and the considerations on QDOT labeling protocols justify 

drawing conclusions from our in vitro system to the in vivo situation. 

 

5.4.b. What is the in vivo role of α7 nAChRs? 

Based on the in vitro results we claim that α7 nAChRs are tightly regulated in 

number and localization on GABAergic interneurons in the hippocampus. 
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PICK1 is probably just one of many proteins regulating the clustering and 

expression of α7 nAChRs. In rat hippocampal interneurons we identified α7 

nAChRs clustered by an unknown machinery at perisynaptic sites at 

GABAergic and glutamatergic synapses, excluded from the PSD. This finding 

is important since the exact localization of α7 nAChR has been debated to 

date. 

Similar to our results, in the chick ciliary ganglion α7 nAChR has been found 

to be absent in the PSD but clustered in a perisynaptic position. The PSD 

contains only heteromeric nicotinic receptors composed of α3, α5, β4, and 

sometimes β2 subunits (Jacob and Berg, 1983; Loring and Zigmond, 1987; 

Vernallis et al., 1993) or, alternatively, glycine receptors (Tsen et al., 2000). In 

comparison to the hippocampal synaptic contacts, the perisynaptic α7 

nAChRs in the chick ciliary ganglion are overlaid by a large presynaptic calyx 

engulfing the neuron and are therefore readily exposed to the 

neurotransmitter (Shoop et al., 1999; Shoop et al., 2002). This is consistent 

with the fact that α7 nAChRs are able to generate postsynaptic currents 

(Zhang et al., 1996; Ullian et al., 1997; Frazier et al., 1998a). Still, α7 nAChR 

generated currents were also detected in rat hippocampus, but the 

mechanism underlying this activation is unclear. 

Even though α7 nAChRs appear to be localized similarly in the hippocampus 

and in the chick ciliary ganglion, the functional role of the receptor is probably 

different. A perisynaptic localization of α7 nAChRs in hippocampal neurons 

serves rather a modulatory role than the generation of an action potential. It is 

likely that α7 nAChR-mediated Ca2+ influx might act as a second messenger 

at both, GABAergic and glutamatergic synapses. Efficient Ca2+-dependent 

events and signal transduction demand the exact positioning of the Ca2+ 

permeable receptor. Therefore we propose that the site of α7 nAChR 

clustering is the site of receptor function. Perisynaptic α7 nAChRs are 

perfectly localized to efficiently modulate GABAergic and glutamatergic input. 

At the GABAergic postsynapse Ca2+ influx could compensate for the Cl- influx 

by GABAARs and therefore diminish the inhibitory effect of GABAAR 

activation. α7 nAChRs could also provide Ca2+ to exert a type of synaptic 

plasticity at GABAergic synapses. The function of GABAARs can be regulated 
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by Ca2+-dependent kinases and phosphatases (Kawaguchi and Hirano, 2002; 

Jacob et al., 2008), which may be downstream targets of α7 nAChR signaling. 

At the glutamatergic synapse α7 nAChR could complement excitatory 

glutamatergic signaling. Moreover α7 nAChR-dependent Ca2+ influx could 

promote the activation of NMDARs by removal of the Mg2+ block, leading to 

induction of LTP. The exact function of perisynaptic α7 nAChR is unclear but 

a direct implication into excitatory and inhibitory signaling is very likely. 

In addition to perisynaptic α7 nAChRs, the receptor clusters also 

extrasynaptically. As mentioned above, the site of receptor localization is 

probably the site of its function. Therefore it is unlikely that extrasynaptic and 

perisynaptic α7 nAChRs serve the same function. While perisynaptic α7 

nAChRs are playing a modulatory role in synaptic transmission, the 

extrasynaptic α7 nAChRs provoke probably long-term consequences. It is 

known that Ca2+ signaling regulates transcriptional regulation. This hypothesis 

is supported by the finding that nicotine controls the regulation and expression 

of the transcription factor CREB (Chang and Berg, 2001). Thereby nicotine 

activates α7 nAChRs, leading to elevated intracellular Ca2+ levels. Ca2+ 

activates CaMKII/IV which further activates MAPK and as a consequence the 

phosphorylation of CREB. pCREB initiates the expression of several genes. 

These α7 nAChR-mediated gene expression changes act over minutes and 

hours. Our results show that α7 nAChR reacts to receptor activation in the 

same time frame. Activation of α7 nAChR by nicotine had no short term 

effects. Only chronic treatments for 48h altered α7 nAChR diffusion. Similarly, 

changes of α7 nAChR clustering due to silencing of synaptic activity are not 

detectable in a short term range. Blockage of synaptic activity by TTX requires 

48h to display a reduction in α7 nAChR clustering and an increase in receptor 

mobility. In contrast, GlyRs on spinal cord neurons display an increase in 

mobility under the same conditions within minutes (Levi et al., 2008). 

These results suggest that α7 nAChR is sensitive to synaptic activity, but only 

in a long term range. The slow adaptation of α7 nAChR to external changes 

suggests a transcriptional regulation of the receptor. Further, the α7 nAChR 

induced Ca2+-dependent actions occur most likely on a transcriptional level. 
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Slow adaptations based on transcriptional changes are persistent and support 

therefore long term synaptic plasticity. While this hypothesis holds probably 

true for extrasynaptic α7 nAChRs, perisynaptic α7 nAChRs might regulate 

synaptic activity on a short term basis, establishing the initial processes of 

LTP and LTD at the synapse. 

Altogether, the α7 nAChR in rat hippocampal neurons seems to be a receptor 

with various functions dependent on its localization. The reason for this variety 

is found in the diverse effects of Ca2+ and the different ways of α7 nAChR 

innervation and activation. We hypothesize that Ca2+ influx by α7 nAChRs 

modulates synaptic activity and plasticity in GABAergic and glutamatergic 

synapses. Extrasynaptic α7 nAChRs which are probably responsible for 

volume transmission might activate signaling pathways which switch on 

expression of various genes. 

5.5. Perspectives 

Recent research suggested that the α7 nAChR is involved in many cognitive 

diseases, supporting the importance of the receptor. While the cholinergic 

system, the distribution of α7 nAChR in the brain, as well as 

electrophysiological properties of α7 nAChR have been investigated 

extensively, the cellular function and mechanisms of α7 nAChR remained 

unclear. 

Together with other studies our work identified α7 nAChR presynaptically, 

perisynaptically, and extrasynaptically localized on neurons in the 

hippocampus. In addition to the localization of α7 nAChR, it is now clear that 

also their number is dynamically regulated by synaptic activity and cholinergic 

input. However, it is important to note that the gained results were obtained in 

isolated neuronal hippocampal cultures lacking cholinergic input from the 

septal diagonal band complex. In future work it would be necessary to confirm 

the presented results in hippocampal/septal co-cultures providing significant 

cholinergic innervation on nicotinic receptors. Moreover, an extensive 

functional investigation of perisynaptic α7 nAChRs is only reasonable in the 

suggested co-culture or in slices. 
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Further we present evidence that clustering of α7 nAChR is regulated by 

PICK1. Although knowing what affects α7 nAChR number and clustering, it is 

still unclear how exactly these processes are regulated. To uncover the 

underlying mechanism, it will be necessary to identify further interaction 

partners of α7 nAChR. Therefore the analysis of candidates from a yeast two-

hybrid screen using α7 nAChR as bait might reveal several interesting 

potential binding partners of α7 nAChR. Since α7 nAChR number, clustering, 

and mobility is dependent on synaptic activity, it is very likely that the proteins 

involved in this underlying mechanism feature also changes due to synaptic 

activity modulation. Overexpression of these candidates in neurons and 

investigation of their effect on α7 nAChR clustering would help to understand 

the regulatory system controlling α7 nAChR surface expression. 

Apart from the question how α7 nAChR clustering is regulated, the functional 

role of α7 nAChR has just been sparsely investigated and most of the 

possible roles are based on speculations. Again, the identification of further 

interaction partners of α7 nAChR would allow speculations about a protein-

protein interaction function. Furthermore, overexpression of α7 nAChR or 

application of allosteric modulators could possibly help to understand better 

the downstream signaling processes of α7 nAChR. The influx of Ca2+ via α7 

nAChR can have a variety of consequences dependent on the site of Ca2+ 

release. Ca2+ often induces the activation of kinases and phosphatases. The 

use of selective inhibitors should enable to identify specific kinases and 

phosphatases which are part of the downstream signaling of α7 nAChR. 

Further, gene chip analysis could reveal α7 nAChR induced gene expression, 

shedding light on the complex consequences of α7 nAChR activation. 

Only sedulous work on uncovering the molecular processes of α7 nAChR and 

its downstream signaling can help to understand the involvement of the 

receptor in diseases such as AD, schizophrenia, and nicotine addiction. 

Future work will hopefully address and answer these questions. 
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