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1 ABSTRACT

1 Abstract

Neurodegeneration in selected brain areas, associated with abnormal be-
havior of cytoskeletal proteins or altered organization of the cytoskele-
tal filament network, exhibits a characteristic feature of many neurode-
generative diseases. Therefore, focusing on analyzing the dynamics
of cytoskeletal proteins under disease-relevant conditions using live cell
imaging approaches could provide a better understanding of the cellular
mechanisms underlying neurodegeneration. Fluorescence photoactiva-
tion (FPA) provides a novel tool to label and track living cells, organelles,
or even single molecules in living systems in a spatio-temporal manner
with high sensitivity. Fusion of photoactivatable fluorescence proteins to
cytoskeletal proteins allows analyzing cytoskeletal dynamics in neurons
in real-time and provides the unique opportunity to determine the effect
of disease-relevant conditions on cytoskeletal dynamics in living neurons.
Aim of the thesis was to study the motion of different cytoskeletal pro-
teins: the microtubule associated protein tau and the growth associated
actin-binding protein GAP-43. Expression of both proteins is develop-
mentally regulated and may play an important role in neuronal polariza-
tion. Furthermore, both proteins show enrichment at the distal part of
the neurite, the growth cone. The mechanisms, how distal trapping of
tau and trafficking and enrichment of GAP-43 at the tip are regulated,
are unclear. To scrutinize the dissipation of both proteins in living neu-
rons, we constructed a panel of PAGFP-tagged fusion constructs and
expressed them in differentiated PC12 cells as a neuronal model system.
Using FPA in combination with computer-assisted image processing, we
could identify the dissipation and trapping mechanisms of both proteins.
The data indicate that FPA provides a useful and versatile approach
to determine protein distribution in living cells during development and
disease-like conditions.
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2 INTRODUCTION

2 Introduction

2.1 Fluorescence photoactivation as a tool for live cell
imaging

Fluorescence photoactivation (FPA) has been developed as a novel ap-
proach to analyze protein dynamics in living cells with high sensitivity.
By definition, FPA describes the rapid conversion of photoactivatable
molecules from a non- or a low fluorescence state to higher fluorescence
by irradiation with light of specific wavelength, intensity and duration.
FPA provides a tool to precisely label and track living cells, organelles,
small molecule populations or even single molecules in living systems
in a spatio-temporal manner (Patterson and Lippincott-Schwartz, 2002;
Lukyanov et al., 2005). Photoactivatable fluorescence proteins (PAFPs)
can be divided in different groups according to their mechanism of pho-
toactivation. Some PAFPs convert from a low to a bright fluorescent
state (photoactivation), whereas others change their color (photoswitch-
ing) after intense irradiation (Lukyanov et al., 2005). The first PAFP, de-
veloped in 2002 by George Patterson and Jennifer Lippincott-Schwartz,
was the photoactivatable green fluorescent protein PAGFP. It results
from a single residue substitution, Thr203His, of wild type GFP (Pat-
terson and Lippincott-Schwartz, 2002). Wild type GFP normally exists
as a mixed population of neutral phenols and anionic phenolates, which
produce a major absorbance peak at 397 nm and a minor absorbance
peak at 475 nm wavelength. Upon intense illumination with ultraviolet
light (400 nm), the chromophore undergoes photoconversion and shifts
predominantly to the anionic form. Rotation of the Thr203 and de-
carboxylation of Glu222 are structural rearrangements that may be key
features of GFP photoconversion (van Thor et al., 2002) and produce
an increase in fluorescence of about threefold upon excitation at 488 nm.

A. Gauthier-Kemper 2



2 INTRODUCTION

In case of PAGFP almost no fluorescence is observed at the excitation
wavelength of the anionic chromophore, when it is in its non-activated
state (Figure 2.1, A B, left). Intense irradiation at 400 nm causes ir-
reversible photoconversion of the PAGFP chromophore, which results in
a 100-fold increase in green fluorescence. This is due to an increased
absorbance in the minor peak region (Figure 2.1, A B, right) (Patterson
and Lippincott-Schwartz, 2002).
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Figure 2.1: Mechanism of chromophore photoconversion and absorbance
spectra of PAGFP before and after FPA with 400 nm laser light.
A: Chemical structure of the chromophore of PAGFP before (left) and after
(right) the photoconversion reaction. The green color of the chemical struc-
ture corresponds to the spectral range of the chromophore emission, gray color
indicates a non-fluorescent chromophore. UV light-induced decarboxylation at
Glu222, which is followed by a rearrangement of the hydrogen bond network
around the GFP-like chromophore, results in chromophore deprotonation (Pi-
atkevich and Verkhusha, 2010; modified). B: Absorbance spectra of purified
PAGFP before (left) and after (right) photoactivation with 400 nm light. The
insets show a schematic representation of a cell before (left) and after (right)
FPA. The region of activiation is indicated by a red square in the middle of the
cell. The excited fluorescence (488 nm) after FPA is indicated by the green
color (Lippincott-Schwartz and Patterson, 2003; modified).

A. Gauthier-Kemper 3



2 INTRODUCTION

Compared to alternative methods such as photobleaching, FPA has the
advantage that only photoactivated molecules are visible in the experi-
mental setup. Thus, newly synthesized molecules will not be fluorescent,
which simplifies analysis of the results of live cell studies (Patterson and
Lippincott-Schwartz, 2002). Furthermore, the short time required for
photoactivation and the lower intensity of irradiation and thus the lower
risk of phototoxicity makes it potentially superior to classical photo-
bleaching approaches (Patterson and Lippincott-Schwartz, 2002). Ac-
tivated PAGFP was shown to be photostable for days under aerobic
conditions and exhibits high contrast over background in the photoacti-
vated region (Patterson and Lippincott-Schwartz, 2002; Subach et al.,
2009). As PAGFP, like GFP, can be fused to other proteins, it provides
the opportunity to study the localization, direction of transport, traffick-
ing and turnover of proteins in living cells (Gauthier and Brandt, 2010).
For example, PAGFP can be used to examine various kinetic properties
of tagged proteins, such as their diffusion coefficient Deff or their mobile
fraction Mf , compartmental residency time and exchange (Lippincott-
Schwartz and Patterson, 2003). In addition, the method could allow
the study of protein degradation of tagged molecules by monitoring the
fluorescence over time (Lippincott-Schwartz et al., 2003). The utility of
PAGFP for addressing biological questions was demonstrated in several
different experimental setups, for example, the study of embryogenesis,
metastasis and tumor formation, or taxis reactions of free unicellular or-
ganisms (Lukyanov et al., 2005). It further provides an important tool
for analyzing functional dynamics in neurons. These highly polarized
cells show extreme morphological differentiation into a somatodendritic
compartment and an axon, which is sustained by the dynamic function-
ality of the cytoskeletal network. Many neurodegenerative processes are
associated with pathological alterations in the dynamic turnover of intra-
cellular proteins including proteins of the neuronal cytoskeleton (Lans-
bury and Lashuel, 2006; Bakota and Brandt, 2009; Weissmann et al.,
2009). Thus, fusion of PAGFP to cytoskeletal proteins allows analyz-
ing cytoskeletal dynamics in neurons in real-time, which provides the
unique opportunity to determine the effect of disease-relevant conditions
on cytoskeletal dynamics in living neurons (Gauthier and Brandt, 2010).

A. Gauthier-Kemper 4



2 INTRODUCTION

2.2 Establishment of neuronal polarity as an example
of a dynamic cellular process involving cytoskele-
tal reorganization

As it was originally articulated by Ramon y Cajal, the law of dynamic
polarization states that information flows along a neuron in one direction
(Lopez-Munoz et al., 2006; Rasband, 2010). Dendrites integrate synap-
tic inputs from a chemical signal into electrical postsynaptic potentials
and pass them along the cell body to trigger an action potential, which
arises at the axonal initial segment (AIS) and propagates along the axon.
At the nerve terminals, this electric action potential is reconverted into
a chemical signal by the release of synaptic vesicles containing neuro-
transmitters (Barnes and Polleux, 2009; Tahirovic and Bradke, 2009).
To maintain this unidirectional signal transduction, neuronal polarity is
indispensable. Therefore, the functional polarity of neurons depends on
the anatomical polarity and the distinction between the somatodendritic
input and the axonal output domain (Rasband, 2010). During polarity
formation, neurons undergo complex morphological changes, which can
be divided into six different stages according to in vitro studies (Fig-
ure 2.2). Neuronal development starts with round, symmetric spheres
forming lamellipodia around the cell body, which stably attach to the
substrate (stage 1) and later transform into multipolar cells containing
several neurites with highly dynamic growth cones showing characteristic
alternations of growing and retraction (stage 2). One of these neurites
then rapidly elongates to become an axon (stage 3), while the remaining
neurites develop into dendrites (stage 4).The morphological polarization
is followed by functional maturation, including synapse formation and
development of dendritic spines (stage 5) (Dotti et al., 1988; Craig and
Banker, 1994; Barnes and Polleux, 2009; Tahirovic and Bradke, 2009).
For integration into a stable neuronal circuit, the established polarity has
to be maintained. After synapse and dendritic spine formation, axon- and
dendrite-specific membrane proteins segregate into the different com-
partments via active protein sorting at the trans-Golgi network. This
segregation is maintained by a physical barrier at the AIS (Nakada et al.,
2003; Song et al., 2009, Rasband, 2010). Thus, the ability of neurons
to polarize and maintain this polarized state is crucial for signal trans-
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Figure 2.2: Polarization of hippocampal neurons in vitro.
As originally described by Dotti and colleagues (1988), postmitotic neurons in
dissociated cultures undergo several transition stages during establishment of
neuronal polarity. At stage 1, directly after plating (0 days in vitro = 0div),
neurons display intense lamellipodial and filopodial protrusions, which lead in
the following one to two days to the emergence of multiple immature neurites
(stage 2). At stage 3, neuronal symmetry breaks and one neurite grows rapidly
to become an axon (purple), while the other neurites acquire dendritic identity
(green). Stage 4 (4-15 div) is characterized by an intense axonal and dendritic
outgrowth. Additionally, dendrites start branching and the axonal initial segment
(yellow) is formed to separate the distinct neuronal compartments. Finally, at
stage 5 (15-25 div) neurons are terminally differentiated and accommodate
dendritic spines and form synapses (Barnes and Polleux, 2009; modified).

duction and synaptic transmission, and knowledge of the mechanisms
that govern neuronal polarization is fundamental to the understanding
of neuronal development, plasticity and neurodegenerative diseases.

2.3 The role of the cytoskeleton during neuronal po-
larization

Morphologically unpolarized neurons generate several indistinguishable
neuronal processes with an array of parallel microtubules and a highly
enriched actin network at their growth cones (Figure 2.3 A). Rearrange-
ment of the actin cytoskeleton and microtubules is crucial for the ini-
tial establishment of neuronal polarity. At the beginning of polarization
(stage 3) (Figure 2.2), the future axon shows enhanced growth cone dy-
namics with high actin turnover (Bradke and Dotti, 1999). In contrast,
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2 INTRODUCTION

future dendrites, which are not growing at this stage, have static growth
cones with a stiff and inflexible actin cytoskeleton (Tahirovic and Bradke,
2009). It is suggested that the local actin instability in the future axon
may cause a reduced obstruction of microtubule protrusion, which leads
to neurite outgrowth, while actin filaments of future dendritic growth
cones form a barrier for the protrusion of microtubules (Forscher and
Smith, 1988).
Actin dynamics contribute a key regulatory role during neuronal po-
larization (Li and Gundersen, 2008). Within the peripheral region of
the growth cone, numerous filopodia and lamellipodia are formed. In
filopodia, actin-filaments are organized as parallel bundles directed with
their plus-ends (barbed-ends) towards the periphery, while they are ar-
ranged into a branched dendritic network within lamellipodia (Geraldo
and Gordon-Weeks, 2009). The local instability of actin filaments in the
axonal growth cone is mediated by several molecular counterparts, includ-
ing actin nucleating, severing, branching and bundling proteins (Tahirovic
and Bradke, 2009). Furthermore, dynamic interaction of F-actin with
the plasma membrane is of importance during neuronal outgrowth. In
this context, the growth associated protein GAP-43 is discussed as one
important component of the response between the plasma membrane
and the actin cytoskeleton under the direction of second messengers, for
example Ca2+ (He et al., 1997).
Axonal microtubules show increased stability, which was shown to be
sufficient to induce axon formation (Witte and Bradke, 2008). Stabi-
lization can be achieved by stabilization of existing microtubules through
microtubule-associated proteins (MAPs), increased polymerization, re-
duction of microtubule destabilization and microtubule bundling (Cas-
simeris and Spittle, 2001; Conde and Cáceres, 2009). Stability of micro-
tubules is indicated within the axon by post-translational modification
of α-tubulin (Fukushima et al., 2009). In the distal part of the axon
microtubules show a high content of tyrosinated α-tubulin, as a marker
for highly dynamic and destabilized microtubules, while microtubules in
the proximal axon contain a high content of detyrosinated and acetylated
α-tubulin as a marker for highly stabilized microtubules (Brown et al.,
1992; Baas et al., 1993; Li and Black, 1996). In developing hippocam-
pal neurons (stage 2) one neurite exhibited a significantly higher ratio of

A. Gauthier-Kemper 7
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Figure 2.3: Cytoskeletal mechanisms driving neuronal polarization.
A: Morphologically unpolarized neurons extend several indistinguishable neu-
rites with an array of parallel microtubules (red) and filamentous actin (green)
enriched at the growth cones (left). In one of these neurites, intracellular
signalling pathways, leading to axon formation, are activated, which result in
early changes in cytoskeletal dynamics. The actin cytoskeleton in the axonal
growth cone is more dynamic and microtubules are more stable in compari-
son to minor neurites (middle). The future axon elongates and the stabilized
microtubules are recognized by motor proteins (orange), which induce unidirec-
tional membrane trafficking towards the distal axon. This leads to molecular
segregation of cellular components and completes neuronal polarization (right)
(Tahirovic and Bradke, 2009; modified). B: Close-up of the cytoskeletal orga-
nization within the growth cone. Microtubules (red chevrons), which are uni-
directional organized with their plus-end towards the distal axon and stabilized
by microtubule-associated proteins (MAPs) protrude into the central region of
the growth cone. The peripheral part of the growth cone is enriched in fila-
mentous actin (green triangles) that is organized into long bundles with their
plus-ends towards the periphery, forming filopodia and lamellipodia (Tahirovic
and Bradke, 2009; modified).
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2 INTRODUCTION

stable to dynamic microtubules than the other neurites, which suggests
that in morphologically unpolarized cells, microtubule stabilization in one
neurite precedes axon formation (Witte et al., 2008). After polarization
has been established, microtubule organization differs between axons and
dendrites in at least two aspects: their orientation and the distribution
of the microtubule-associated proteins. Axonal microtubules are orga-
nized into unidirectional parallel bundles with their plus-ends directed
towards the distal part (Baas et al., 1988; Geraldo and Gordon-Weeks,
2009). In dendrites, a bidirectional orientation was observed (Geraldo
and Gordon-Weeks, 2009). Stabilization through MAPs occurs in den-
drites mainly via MAP2, while in axons stability is mediated by the tau
proteins (Conde and Cáceres, 2009). In addition to its binding capacity
to microtubules, tau was shown to interact with the neuronal membrane
cortex via its aminoterminal projection domain, providing a link between
microtubules and the plasma membrane (Brandt et al., 1995). By this
and other mechanisms, tau may play a role in development of polarity
(Shahani and Brandt, 2002). Taken together, both the rearrangement of
microtubules and the dynamic instability of actin filaments are crucial for
the initial establishment of neuronal polarity. The general mechanism,
how both cytoskeletal elements interact is still a matter of debate. In
neurons the microtubule-associated proteins MAP1B and MAP2 are able
to bind both, microtubules and F-actin, and are promising candidates to
play a key role in the specific cytoskeletal rearrangements controlling the
transition from an undifferentiated state into neurite-bearing morphology
(Dehmelt and Halpain, 2004). In addition to the interaction between the
different cytoskeletal filament networks, a dynamic interaction between
the cytoskeleton and the plasma membrane may be of particular im-
portance during neuronal outgrowth and establishment of polarity. The
following sections will examine the two proposed membrane-cytoskeleton
linker proteins, GAP-43 and tau, and their role in the formation of neu-
ronal polarity.

2.4 The growth-associated protein GAP-43

The growth associated protein GAP-43 is a neural protein, which is highly
enriched in the growth cone (Meiri et al., 1986; Skene et al., 1986; Skene,
1989). Based on its localization, its massive induction during nerve

A. Gauthier-Kemper 9
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Figure 2.4: The GAP43 gene and the resulting mRNA and protein from
rat.
Schematic structure of the gene showing the three exons (red) and the regions
implicated in neuron-specific expression: P2 (dark blue), the core promotor CP
(blue) and the more extensive region designated as neuron-specific promotor
(nsp), which includes sequences within the first intron (black line) (top). Coding
regions of exon 1, 2 and 3 result in GAP-43 mRNA, containing a 5´ untranslated
region (5´UTR) of 50-55 nucleotides, a coding region of 681 bases (red) and a
3´ untranslated region (3´UTR) of 600-700 nucleotides (middle). The protein
is 226 amino acids long and contains the aminoterminal membrane-binding
region (MBR, blue), the calmodulin-binding IQ-domain (IQ, dark blue) and
several phosphorylation sites (green circles), including Ser41, the unique PKC
site (Benowitz and Routtenberg, 1997; modified).

regeneration and its increased gene expression during development it has
been suggested that GAP-43 may play an important role in controlling
growth cone motility (Sudo et al., 1992). The GAP43 gene is located
on human chromosome 3 and rat chromosome 11 and consists of three
exons (Kosik et al., 1988; Grabczyk et al., 1990). The resulting protein
contains 238 (human) or 226 (rat) amino acids and has little secondary
structure (Hayashi et al., 1997), probably due to its high proline content.
The first ten amino acids, which are encoded by exon 1, are important
for membrane binding of GAP-43 (Zuber et al., 1989a). Two cysteine
residues at position 3 and 4 are crucial for membrane interaction, since
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they undergo reversible, covalent addition of palmitic acid (Skene and
Virag, 1989), which has been shown to be essential for targeting GAP-43
to the membrane (Sudo et al., 1992). Three basic residues (Arg6, Arg7,
and Lys9) are sufficient to complete the membrane interaction (Denny,
2006). One of the purposes of palmitoylation is to bring Arg6, Arg7,
and Lys9 into alignment with the membrane, so that binding can take
place. After this, palmitate chains are not longer needed and can be
removed by palmitoyltransferase or protein acyl transferase PAT (Linder
and Deschenes, 2003). Exon 2 contains an IQ-domain (12-15 amino
acids), which can be bound by calmodulin. This IQ-domain includes
Ser41, the unique PKC phosphorylation site (Coggins and Zwiers, 1989;
Chapman et al., 1991). Phosphorylation at Ser41 was shown to influence
the association of GAP-43 with the membrane skeleton, the network of
proteins at the inner face of the plasma membrane that governs its shape,
motility and pathway guidance (Meiri et al., 1996). Furthermore, it
affects cell spreading and sprouting and hence influences cell morphology
(Widmer and Caroni, 1993). In addition, the phosphorylation state of
Ser41 modulates the actin filament behavior. In cell-free assays, GAP-43,
phosphorylated at Ser41, stabilizes long actin filaments through lateral
binding. In contrast, unphosphorylated GAP-43 reduces filament length
distribution and increases the critical concentration for polymerization
(He et al., 1997). When phosphorylated, F-actin stabilizing GAP-43
can be found in areas where growth cones establish productive stable
contacts with other cells, whereas unphosphorylated GAP-43 is always
present in parts of the growth cone that are retracting. Thus, dynamic
phosphorylation at Ser41 may influence growth cone motility (Dent and
Meiri, 1992; He et al., 1997). The structure of the GAP43 gene and
the resulting mRNA and protein are schematically summarized in Figure
2.4.

2.4.1 GAP-43 and neuronal polarity

At early stages of neuronal development (stage 1-2) GAP-43 is expressed
equally in all neurites and shows enrichment in every growth cone (Figure
2.5 A). At stage 3, when one of the neurites elongates to become an
axon, GAP-43 becomes preferentially concentrated in the growth cone
of this elongating process. The remaining neurites develop into dendrites

A. Gauthier-Kemper 11
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A

B

Figure 2.5: Developmentally regulated expression of GAP-43 in cultured
hippocampal neurons.
A: Distribution of GAP-43 in cells at stage 2 of polarity formation. Light
microscopic (left) and immunofluorescence images (right) indicate a cell, which
shows six minor processes with high concentration of GAP-43 at their growth
cones. Scale bar, 5 µm (Goslin et al., 1990). B: Distribution of GAP-43 during
the early stages of axonal outgrowth. GAP-43 is highly enriched in the axonal
growth cone, while dendritic growth cones show no GAP-43 staining any longer.
Scale bar, 15 µm (Goslin et al., 1990).

and show reduced GAP-43 expression (stage 4). At this stage GAP-43
is predominantly concentrated in the axonal growth cone (Figure 2.5 B),
but becomes enriched in the axonal shaft, too, beginning near the growth
cone and progressing proximally until it is equally distributed throughout
the whole axon. At each stage of neuronal polarity formation, GAP-43 is
also concentrated at the Golgi apparatus (Goslin et al., 1990). Primary
sensory neurons fail to extend axons when treated with antisense oligonu-
cleotides complementary to portions of the GAP-43 mRNA (Aigner and
Caroni, 1993). Mice bearing GAP-43 null mutation show defects in ax-
onal pathfinding and most of them die shortly after birth (Strittmatter
et al., 1995). Furthermore, neuronal growth cones that are depleted

A. Gauthier-Kemper 12
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in GAP-43 are deficient in persistent spreading, branching and adhesion
(Aigner and Caroni, 1995). In transgenic mice overexpressing GAP-43,
spontaneous formation of aberrant connections is observed. Thus, over-
expression appears to enable neurons to sprout new terminals and can
be considered as an intrinsic determinant of the growth state of neurons
(Aigner et al., 1995). In NGF-stimulated PC12 cells, the level of GAP-
43 increases upon neuronal differentiation and further enhances neurite
outgrowth (van Hooff et al., 1989; Yankner et al., 1990). Even in non-
neuronal cells, GAP-43 expression induces extensive process outgrowth,
which is accompanied by a reorganization of the membrane cytoskeleton
(Zuber et al., 1989b; Widmer and Caroni, 1993; Verhaagen et al., 1994).

2.5 The tau proteins

Tau proteins are known to play a major role in assembling and stabilizing
microtubules and maintaining their structural integrity and consequently
the normal morphology of neurons (Shahani and Brandt, 2002; Wang
and Liu, 2008). Tau proteins may further link microtubules to other
cytoskeletal elements or proteins, like neurofilaments and membranous
organelles (Buée et al., 2000; Shahani and Brandt, 2002). Tau might
also participate in the regulation of intracellular signal transduction, de-
velopment and viability of neurons (Wang and Liu, 2008).
The tau proteins are abundant in the central and peripheral nervous
system and are expressed preliminary in neurons, where they are mainly
present in the axon (Binder et al., 1985). The human MAPT gene is
located on the long arm of human chromosome 17 (Neve et al., 1986)
and contains 16 exons (Andreadis et al., 1992). Via alternative splicing
of exon 2, 3 and 10 six different isoforms are generated in the human
CNS, ranging from 352-441 amino acids. The differences between the
six isoforms result from the presence or absence of one or two 29 amino
acid long inserts in the aminoterminal region (termed 0N, 1N, and 2N)
and the presence of three or four microtubule-binding repeats (termed
3R and 4R) in the carboxyterminal region (Himmler et al., 1989) (Figure
2.6 A). The expression of the six different isoforms is developmentally
regulated. In the embryonic and early postnatal period, only the shortest
tau isoform (352 amino acids) can be found, whereas all isoforms are
present in the adult brain (Goedert and Jakes, 1990).

A. Gauthier-Kemper 13
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Figure 2.6: Schematic representation of human tau.
A: Transcription of a single MAPT gene located on chromosome 17, which is
followed by alternative splicing of exons 2, 3 and 10 of tau mRNA generates six
different isoforms of human tau protein in the CNS. The isoforms are named
according to the number of aminoterminal inserts (N) and carboxyterminal
microtubule-binding repeats (R) they contain. The number of amino acids for
each isoform is indicated (Shahani and Brandt, 2002; Wang and Liu, 2008;
modified). B: Molecular and functional organization of tau with respect to
the longest CNS isoform (441 amino acids). The repeat region is indicated in
black and binds to microtubules (MT), the proline-rich region (orange) together
with the aminoterminal projection domain (gray) projects from the microtubule
surface to interact with other cytoskeletal components or the membrane cortex.
The carboxyterminal acidic region is indicated in white (Brandt and Leschik,
2004; modified).
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The aminoterminal region of tau, which contains highly acidic inserts
(N), followed by a proline-rich region, can be considered as projection
domain, because it projects from the microtubule surface where it may in-
teract with other cytoskeletal proteins or the plasma membrane (Brandt
et al., 1995). The projection domain further determines the distance
between microtubules and may be responsible for the axon-specific inter-
microtubule distance (Chen et al., 1992). The region is followed by the
microtubule-binding domain, which is subdivided into a basic tubulin-
binding region, containing the microtubule-binding repeats, and a car-
boxyterminal acidic region (Figure 2.6 B). The repeats (R1, R2, R3, and
R4) are encoded by exons 9-12 and are highly conserved 18 amino acid
long regions (Lee et al., 1989) separated from each other by less con-
served 13-14 amino acid long inter-repeat domains. The repeats have
been shown to increase the rate of microtubule polymerization and to in-
hibit the rate of depolymerization (Drechsel et al., 1992). They further
promote microtubule nucleation, growth and bundling and reduce the
dynamic instability of microtubules (Drechsel et al., 1992; Brandt and
Lee, 1993; Trinczek et al., 1995). The adult tau isoforms containing
four repeats (R1-R4) are more efficient in microtubule assembly than
the isoforms containing three repeats (R1, R3, and R4) (Goedert and
Jakes, 1990; Gustke et al., 1994). The ratio of 3R-tau to 4R-tau in the
healthy brain is 1:1 (D’Souza and Schellenberg, 2005).
Tau can be phosphorylated at various sites (Buée et al., 2000). Micro-
tubule assembly depends partially upon the phosphorylation state of tau,
since phosphorylated tau proteins are less effective to promote micro-
tubule polymerization than the non-phosphorylated counterparts (Lind-
wall and Cole, 1984). Furthermore, phosphorylation also regulates mem-
brane binding of tau, since experimentally induced hyperphosphorylation
abolishes the interaction of tau with the membrane cortex (Eidenmüller
et al., 2001). Dynamic phosphorylation of tau is regulated by interplay
of kinases and phosphatases. Tau kinases such as the proline-directed
kinases cdk5 and GSK-3 or the non-proline-directed kinases PKA and
MARK can induce conformational changes of tau, which reduce its abil-
ity to promote de novo nucleation of microtubules, decrease its affinity
to microtubules and thereby increase the dynamic instability of neurons
(Hagestedt et al., 1989; Drechsel et al., 1992; Biernat et al., 1993;
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Brandt et al., 1994). The main tau phosphatase is protein phosphatase
2A, which has been shown to directly interact with tau (Wang et al.,
1995; Sontag et al., 1996).

2.5.1 Tau and neuronal polarity

Using cell culture models, it could be shown that the tau proteins play a
critical role in neurite outgrowth and stabilization. In cultured neurons
and neuron-like cell lines, neurite outgrowth correlates with induction
of tau expression (Drubin et al., 1985; Ferreira et al., 1989). Over-
expression of tau in non-neuronal cells results in a high increase in cell
sprouting with formation of long processes that resemble axon shape and
are densely packed with unidirectionally organized microtubules (Knops
et al., 1991). In PC12 cells, tau expression increases following neuronal
differentiation using nerve growth factor (NGF). This increase corre-
lates with an increase in microtubule mass, stability and process forma-
tion (Drubin et al., 1985). In contrast, depletion of tau using antisense
oligonucleotides, selectively suppresses axonal elongation in cultured neu-
rons, which supports a role of tau in regulating axon formation, micro-
tubule stabilization and neurite outgrowth (Ferreira et al., 1989; Caceres
and Kosik, 1990). Surprisingly, in tau knockout mice axonal elongation
is not affected. Mice develop normally and survive well. In these mice, an
increased expression of another MAP, MAP1A, could be observed, which
may compensate for the loss of tau proteins (Harada et al., 1994). In-
terestingly, mice lacking both, tau and MAP1B, are not viable and die
around 4 weeks after birth. Cultured cerebellar neurons from these mice
exhibit suppressed axonal elongation and show reduced migration (Takei
et al., 2000). Growing hippocampal axons are highly dynamic structures
and the concentration of microtubules varies along their length, with
highest concentration in the proximal axon (Kempf et al., 1996). Addi-
tionally, microtubule stability changes along the axon length. In the distal
part of the axon microtubules show a higher degree of dynamic instabil-
ity, which is paralled by specific modifications of α-tubulin (Fukushima
et al., 2009). The amount of tau increases towards the distal axon, with
highest enrichment at the transition between the axon shaft and the
growth cone (Kempf et al., 1996). In this region tau was shown to be
mostly associated with microtubules. Distal binding of tau occurs early
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in development of polarity and correlates with the onset of axon forma-
tion. Binding appears to follow a complex mechanism and is dependent
on intact microtubules as well as microfilaments (Black et al., 1996;
Kempf et al., 1996). One would assume that a microtubule-stabilizing
protein like tau would be higher concentrated in the more rigid proximal
part of the axon and less present in the more dynamic distal part. Since
the opposite has been observed, the results suggest that in the growing
axon tau has functions other than microtubule stabilization. In addition
to the differences in tau concentration in the growing axon, tau was also
found to be differentially phosphorylated along the axonal length, with
the highest phosphorylation at the cell body, which gradually decreases
towards the growth cone (Mandell and Banker, 1996). The phosphory-
lation gradient further supports the idea that the main function of tau in
the growing axon is the regulation of microtubule dynamics, rather than
microtubule stabilization. In the fetal and early postnatal state only the
shortest tau isoform containing three microtubule-binding repeats is ex-
pressed. Since 3R tau binds less efficient to microtubules than 4R tau
it is suggested that more dynamic microtubule stabilization may be nec-
essary for the flexibility of the cytoskeleton during neuronal migration,
axon elongation and dendritic proliferation, especially in the early stages
of development. Thus, expression of 3R tau may serve as a marker for
neuronal plasticity (Goode and Feinstein, 1994).

2.6 The role of the cytoskeleton in neurodegenerative
diseases

Many neurodegenerative diseases are characterized by a loss of neurons
in selected regions of the nervous system, which is associated with a
change in cytoskeletal proteins or an altered organization of the cy-
toskeletal filament network (Gauthier and Brandt, 2010). As the cy-
toskeleton is the major intracellular determinant of the development and
maintenance of neuronal structure, abnormalities in cytoskeletal com-
ponents could have a causative role in the disease process or could at
least accelerate disease progression. Evidence that changes of cytoskele-
tal proteins cause neurodegenerative diseases comes from the finding
that familial forms of several neurodegenerative disorders are associ-
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ated with mutations in genes of cytoskeletal proteins. Frontotemporal
dementia with Parkinsonism linked to chromosome 17 (FTDP-17) dis-
plays a tauopathy, which is characterized by mutations in the MAPT
gene (Gasparini et al., 2007). The disease shows a multifaceted pheno-
type, which varies not only between families carrying different mutations,
but also between and within families carrying the same mutations, which
complicates diagnosis of the disease (Wszolek et al., 2006). To date,
42 disease-causing mutations in the MAPT gene have been described in
a total of 118 families (www.molgen.ua.ac.be/ADMutations/ accessed
16/02/2011). These mutations include missense mutations in the cod-
ing regions, amino acid deletions and intronic mutations in the region
following exon 10 (Lindquist et al., 2008). The most common mutations
are G272V, P301L and R406W. Functional studies have shown that most
pathogenic missense mutations exert their effect through a reduction of
the ability of tau to bind to microtubules and promote microtubule as-
sembly (Hasegawa et al., 1998; Hong et al., 1998; Dayanandan et al.,
1999), or by affecting the isoform expression pattern, which consequently
alters the ratio of 4R-tau to 3R-tau (D’Souza et al., 1999; Grover et al.,
1999; Yen et al., 1999). Since the regulation of microtubule dynamics in
neurons is one of the main functions of tau proteins, malfunction of mu-
tated tau or changes in its isoform pattern could compromise the function
of microtubules in transport processes or affect the structural stability
of axons (Baas and Qiang, 2005; Brandt et al., 2005). Several other
tauopathies are characterized by malfunction of tau proteins without car-
rying mutations in the MAPT gene. The most common of these diseases
is Alzheimer´s disease (AD), the most frequent cause of dementia. AD
is characterized by two distinct histopathological hallmarks: extracellular
amyloid plaques, composed of aggregated amyloid beta peptides, which
are derived by proteolysis of the amyloid precursor protein (APP), and
intracellular neurofibrillary tangles (NFTs), which are mainly composed
of hyperphosphorylated tau proteins. Furthermore, AD shows a charac-
teristic reduction of synaptic density and neuronal loss in selected brain
areas (Shahani and Brandt, 2002). The abnormal phosphorylation of
tau associated with AD is most probably caused by a combination of in-
creased kinase and decreased phosphatase activity (Trojanowski and Lee,
1995; Blurton-Jones and Laferla, 2006). Both, hyperphosphorylated as
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well as mutated tau have been proposed to cause a “loss of function”
scenario, i.e. that tau lost its ability to interact with microtubules and
does not longer promote microtubule stabilization. As a result, axonal
microtubules would depolymerize which disables axonal transport and fi-
nally causes neuronal degeneration (Shahani and Brandt, 2002). Since
tau knockout mice show no obvious phenotypic changes and lack major
cytoskeletal abnormalities (Harada et al., 1994), a “toxic gain of func-
tion” model was also proposed, which assumes that hyperphosphorylated
tau itself, either in its soluble or in an aggregated form has direct toxic ef-
fects on the cells (Shahani and Brandt, 2002). Alzheimer´s disease, like
many other neurodegenerative diseases, is also characterized by a loss of
neuronal connections or by changes in structural plasticity of neurons,
which occur early during disease progression (Bakota and Brandt, 2009).
In this context, GAP-43, as a marker for synaptogenesis (Benowitz and
Routtenberg, 1997), was found to be increased in the hippocampus of
AD patients, a region, which is highly affected by neurodegeneration.
The increased expression of GAP-43 in this region is suggestive of ax-
onal sprouting (Rekard et al., 2004). A potential mechanism leading to
an increased GAP-43 expression in the hippocampus could be a partial
deafferentiation, which results from the death of superior neurons. The
loss of axonal input could consequently lead to aberrant sprouting or re-
active synaptogenesis of surviving neurons (Hyman et al., 1987). In fact,
in late stages of AD an increased sprouting in specific brain regions is
observed. Sprouting occurs ectopic and thus may be counterproductive
as afferents from different brain regions, perhaps with a different com-
plement of neurotransmitters, replace synaptic sites and give incorrect
input, which could be critical for memory function and could contribute
to cognitive decline (Rekart et al., 2004). However, in contrast to the
observation that the GAP-43 level is increased in AD brains, also a de-
crease in GAP-43 expression in specific brain regions of AD patients
has been reported (Bogdanovic et al., 2000). Thus, there is currently
no consistent view on the nature of AD-related changes in GAP-43 ex-
pression. Taken together, many cellular aspects of neurodegenerative
disorders are associated with changes in the dynamics of the neuronal
cytoskeleton or cytoskeleton-associated proteins. Therefore, focusing on
analyzing the dynamics of these proteins at disease-relevant conditions
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could provide important information about changes which occur already
early in a presymptomatic state of the disorder and may lead to a better
understanding of the cellular mechanisms underlying neurodegeneration.
Thus, live cell imaging techniques like FPA may provide a useful tool to
answer key questions of the mechanisms of neurodegenerative disease.

2.7 Specific aims of the PhD thesis

The thesis consists of three parts. The first part is a direct extension
of previous work, which has been performed by Carina Weissmann. In
this part, we performed FPA for distribution analysis in PC12 cells and
primary cortical neurons using PAGFP-tau and a truncated tau version
(PAGFP-tau∆), which did not longer bind to microtubules. Using math-
ematical simulations, we could show that the motion of tau was com-
patible with diffusion/reaction as opposed to active transport/reaction.
Effective diffusion constants of 0.7-0.8 µm2/s were calculated in neurites
of PC12 cells and primary cortical neurons. Furthermore, the aminoter-
minal projection domain of tau mediated binding and enrichment of tau
at distal neurites indicating that the tip of a neurite acts as an adsor-
ber trapping tau protein. Stabilization of microtubules with taxol, in-
corporation of disease-related tau modifications, experimentally induced
hyperphosphorylation and addition of preaggregated amyloid beta pep-
tides (Aβ) increased the effective diffusion constant compatible with a
decreased binding of tau to microtubules. Furthermore, we could show
that also distal enrichment of tau was suppressed at disease-relevant
conditions.
In the second part of the thesis, the effect of a familial disease-relevant
tau mutation – R406W – was analyzed using the FPA and other ap-
proaches. Changes in the distribution and function of the microtubule-
associated protein tau comprise histopathological hallmarks of tauopa-
thies such as AD or FTDP-17. In AD, increased phosphorylation of the
microtubule-associated protein contributes to tau pathology, whereas the
functional consequence of FTDP-17 tau mutations is not known. Inter-
estingly, the R406W mutation causes a clinical phenotype closely re-
flecting AD and patients carrying this mutation are often misdiagnosed
as AD patients (Ostojic et al., 2004; Ikeuchi et al., 2008; Lindquist et
al., 2008). To scrutinize the effect of the R406W mutation and to de-
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termine, why it causes a tauopathy clinically closely reflecting AD, we
expressed human wild type and R406W-mutated tau in neuronally dif-
ferentiated PC12 cells and analyzed their distribution and interaction by
subcellular fractionation and live cell imaging using FPA. We observed
that the R406W mutation does not influence short-term diffusion of
tau indicating unchanged microtubule interaction. However, the R406W
mutation caused a complete loss of tau´s ability to interact with the
neuronal membrane cortex. Loss of membrane association was asso-
ciated with a decreased trapping of R406W tau in the tip of neurites
as evidenced by long-term imaging and led to a higher length fluctua-
tion during process growth. TAP-tag purification and mass spectrom-
etry identified the calcium-regulated plasma membrane-binding protein
annexin A2 (AnxA2) as a potential component of a tau-containing com-
plex. Knockdown of AnxA2 by shRNA or sequestration of intracellular
Ca2+ by BAPTA/AM abolished the differential trapping of wt tau and
R406W-mutated tau, consistent with an involvement of AnxA2 in me-
diating membrane-interaction of wt tau. The data indicate that tau´s
association with the membrane cortex contributes to its subcellular dis-
tribution and enrichment in the distal axon and that the pathological
effect of the R406W mutation is caused by its impaired membrane in-
teraction, which involves AnxA2 as a membrane-cytoskeleton linker.
The third part of the thesis aimed to analyze the mechanisms of trans-
port and enrichment of the growth-associated protein GAP-43 in living
cells using the FPA approach. GAP-43 is synthesized in the neuronal cell
body as a cytosolic protein and travels in a developmentally regulated
manner to the growth cone, where it becomes highly enriched (Skene,
1989). To scrutinize the molecular mechanism and the determinants of
GAP-43 motion and enrichment in neural cells, a panel of fusion proteins
of GAP-43 and PAGFP was constructed to analyze GAP-43 distribution
after subcellular fractionation and focal activation in the cell body of liv-
ing cells. We observed that GAP-43wt quickly accumulates in the growth
cone of neuronally differentiated PC12 cells. To test the effect of phos-
phorylation at Ser41 we constructed a phosphorylation-mimicking (GAP-
43S41D) and a non-phosphorylatable GAP-43 mutant (GAP-43S41A). We
found that phosphorylation at Ser41 determined the extent of plasma
membrane association. None of the mutants exhibited comparable ac-
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cumulation at the growth cone, suggesting a requirement of dynamic
membrane association for trafficking and enrichment of GAP-43. In-
creasing the extent of membrane association using DMSO abolished
accumulation of GAP-43 in the growth cone. To test for the presence of
additional mechanisms, flux analysis was performed. The data indicate
that GAP-43 shows a proximo-distal flux, which could be inhibited by
treatment with the anterograde protein transporter inhibitor brefeldin A
or methyl-β-cyclodextrin, which depletes cholesterol from cell membranes
and disrupts rafts. The results indicate that trafficking and enrichment
of GAP-43 in the growth cone depend on phosphorylation dynamics at
Ser41. The data suggest that changes in phosphorylation homeostasis
that effect membrane interaction impair GAP-43 localization in neurons
during development and disease.
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During the development of neurons, the microtubule-

associated tau proteins show a graded proximo-distal

distribution in axons. In tauopathies such as Alzheimer’s

disease, tau accumulates in the somatodendritic com-

partment. To scrutinize the determinants of tau’s dis-

tribution and motion, we constructed photoactivatable

green fluorescent protein (GFP)-tagged tau fusion pro-

teins and recorded their distribution after focal activation

in living cells. Simulation showed that the motion of tau

was compatible with diffusion/reaction as opposed to

active transport/reaction. Effective diffusion constants of

0.7–0.8 μm2/second were calculated in neurites of PC12

cells and primary cortical neurons. Furthermore, tau’s

amino terminal projection domain mediated binding and

enrichment of tau at distal neurites indicating that the

tip of a neurite acts as an adsorber trapping tau protein.

Treatment with taxol, incorporation of disease-related

tau modifications, experimentally induced hyperphos-

phorylation and addition of preaggregated amyloid β

peptides (Aβ) increased the effective diffusion constant

compatible with a decreased binding to microtubules.

Distal enrichment was present after taxol treatment but

was suppressed at disease-relevant conditions. The data

suggest that (i) dynamic binding of tau to microtubules

and diffusion along microtubules and (ii) trapping at the

tip of a neurite both contribute to its distribution during

development and disease.
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The tau proteins belong to the family of microtubule-
associated proteins (MAPs). They are mainly expressed
in neurons where they are enriched in the axon and play
major regulatory roles in the organization and integrity of
the cytoskeletal network (1). The repeat region of tau in the

carboxyterminal half is the basic microtubule-interacting
unit. Tau has also been shown to interact with compo-
nents of the neural plasma membrane cortex through its
amino terminal non-microtubule-binding domain, which
protrudes from the microtubule surface when tau inter-
acts with microtubules (2). Phosphorylation of tau affects
its interaction both with microtubules and with the mem-
brane cortex (3). The functional role of these interactions
remains to be elucidated.

Alzheimer’s disease (AD) is characterized by a progressive
loss of neurons in certain brain regions, the accumula-
tion of extracellular amyloid plaques formed from amyloid
β (Aβ) peptides, and the aggregation of tau into neu-
rofibrillary tangles (NFTs) (4). Tau mutations in familial
tauopathies such as frontotemporal dementia and parkin-
sonism linked to chromosome 17 (FTDP-17) confirmed a
central role of tau pathology in disease progression.

A key morphological feature during the development of
AD and other tauopathies is the redistribution of tau from
the axon into the somatodendritic compartment. Tau’s
redistribution is concomitant with an increased phospho-
rylation (hyperphosphorylation) at selected sites (5). The
determinants of tau’s axonal distribution and the mecha-
nisms of its mislocation during disease are unclear. They
may involve axonal transport (6,7), locally regulated bind-
ing to microtubules (8), selective stabilization in the axonal
compartment (9), localization of tau mRNA to the proximal
axon (10) and binding of tau to neural plasma membrane
components (2).

As a microtubule-associated protein, tau may regulate
microtubule-dependent mechanisms in neurons. It has
been shown that overexpression of tau inhibits antero-
grade organelle and vesicular transport in axons (11) and
that tau modulates dynein and kinesin motility (12). Tau
interacts in a phosphorylation-dependent manner with the
light chain of kinesin-1 and tau phosphorylation may mod-
ulate its own axonal transport (13). In turn, recent data
have provided evidence that impairments in axonal trans-
port can lead to pathological changes of tau protein (14)
underlining that the analysis of tau motion in cells could
contribute to a better understanding of the mechanisms
of neurodegeneration.

Several techniques have been developed to study protein
motion in living cells. These include fluorescence protein
tracking using green fluorescent protein (GFP) variants and
photobleaching to study molecular dynamics (15,16). With
these methods, it became possible to determine transport
rates and apparent diffusion constants of cytoskeletal pro-
teins in living neurons (17). However, these techniques are
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not sensitive enough to determine the motion of a defined
subpopulation of molecules in a spatio-temporal man-
ner. The development of photoactivatable fluorescence
molecules such as photoactivatable green fluorescent
protein (PAGFP) allows to focally activate a subpopu-
lation of fluorescence-tagged molecules and to follow
their distribution in unprecedented sensitivity and over
longer times. This technique has, for example, been used
to demonstrate interlysosomal membrane exchange (18)
and to analyze flux of microtubule subpopulations (19).

To analyze tau’s motion and factors that influence tau’s
distribution in living neural cells, we used photoactivatable
GFP-tagged tau constructs and performed computer-
assisted image analysis of time-lapse recordings after
focal activation in neurites. We show that photoactivatable
tau fusion constructs provide a useful tool to analyze
the molecular dynamics of tau’s interaction in neuronal
compartments. We demonstrate that tau’s distribution in
neurites is governed by diffusion/reaction as opposed to
active transport/reaction. The effective diffusion constant
equals its true diffusion constant times the fraction of
free tau over total tau. Furthermore, we show that tau’s
amino terminal projection domain mediates binding and
enrichment of tau at distal neurites thereby trapping
tau at the tip of a neurite. Disease-relevant conditions
such as experimentally induced hyperphosphorylation or
treatment with Aβ reduce microtubule binding and abolish
the distal enrichment.

Results

Fluorescence photoactivation reveals fast

distribution of tau on cellular microtubules

We examined the dynamics of tau’s subcellular distri-
bution using a fluorescence photoactivation approach in
rat neural pheochromocytoma cell lines (PC12) and pri-
mary mouse cortical neurons. Cells were transfected
with fusion constructs of the photoactivatable green
fluorophore PAGFP (18) and human tau (PAGFP-wt tau)
(Figure 1A, left). In addition, a pseudohyperphosphorylated
(PHP) tau variant, which mimics AD-like hyperphosphory-
lation (20), and a tau deletion construct (tau�) lacking the
microtubule binding region (MBR) were used. 3XPAGFP
was prepared as a cytosolic, non-tau-related control
because it separated at the same apparent molecular
weight as PAGFP-wt tau (Figure 1A, middle). In contrast
to shorter PAGFP constructs, 3XPAGFP was completely
cytosolic. Wt tau but not tau� were immunoreactive
against the Tau5 antibody, which recognizes an epitope
that is only partially included in tau�(21) (Figure 1A, right).

The green fluorescence of PAGFP was monitored in a
confocal laser scanning microscope (cLSM) using an exci-
tation wavelength of 488 nm (Figure 1B). PAGFP was
activated in a focal spot of the cell by a laser flash
at 405 nm wavelength. Time-lapse imaging after acti-
vation of a spot in the cell body of living PC12 cells

expressing 3XPAGFP or PAGFP-wt tau revealed that the
fluorescence quickly decreased at the site of photoactiva-
tion (Figure 1C,D). The total fluorescence of the cell did
not decrease within the time of analysis (112 seconds)
indicating high photostability and only low reversal of pho-
toactivation (Figure 1C). In neuronally differentiated PC12
cells, PAGFP-wt tau appeared locally bound shortly after
photoactivation (3 seconds) and thereafter distributed on
filamentous structures (7 and 112 seconds) throughout
the cell, whereas tau� distributed homogeneously in
the cytoplasm (Figure 1D), similarly to 3XPAGFP. Dou-
ble immunofluorescence microscopy of a fixed and focally
activated PAGFP-wt tau expressing cell revealed partial
co-localization of photoactivated tau with microtubules
(Figure 1E). This indicates that the PAGFP fusion does not
interfere with the ability of tau to bind to the microtubule
array in the cell. The data indicate that photoactivatable
tau fusion constructs provide a useful tool to analyze the
molecular dynamics of tau’s cellular interactions.

Tau’s dissipation fits a diffusion model and an amino

terminal tau fragment exhibits a transient

enrichment in the tip of neurites

We next investigated protein distribution in neurites
of transfected and differentiated PC12 cells. For these
experiments, PC12 cell lines were produced that stably
expressed the different PAGFP fusion constructs (see
Figure 1A). Cell lines with similar expression levels (∼
1–2 × 107 molecules/cell, corresponding to about 20–40
pmol/106 cells) were selected. Such an expression
level is in the range of endogenous tau expression in
neurons (22). The cells were differentiated with nerve
growth factor (NGF) and photoactivated in the middle
of the neurite (Figure 2A). To visualize and evaluate the
protein distribution in a spatio-temporal manner, low-
resolution imaging followed by computer-assisted image
analysis of the time-lapse recordings was performed. The
contour of the cell was recognized, a region of interest
(ROI), which included the neurite under investigation, was
selected and main axes were calculated as described in
Materials and Methods. To visualize the distribution over
time, the two-dimensional (2D) intensity function I(x, t)
with projection coordinate x and time t was plotted as
a color-coded filled contour plot. It should be noted that
I(x) represents the intensity density (per pixel) projected
to the neurite’s axis, thereby correcting the fluorescence
intensity for local changes in the thickness of the neurite.
In addition, the decay of fluorescence intensity in the
activated segment was simulated by a diffusion model
assuming an infinite tube with one closed end (see
Materials and Methods).

Photoactivation of PAGFP-wt tau expressing PC12 cells
in the middle of a neurite triggered an increase
in fluorescence (PAGFP*-wt tau) that symmetrically
dissipated in both directions (Figure 2B, top left). In
the majority of the cells (86%, n = 30), the position of
the maximum of the activated segment remained at
the same position (43% of the cells) or moved slightly
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Figure 1: Fluorescence photoactivation reveals fast distribution of tau on cellular microtubules. A) Schematic representation of
PAGFP tau fusion constructs and 3XPAGFP as a cytosolic control. The MBR is indicated as gray box. Regions that are mutated in PHP
tau according to (20) are indicated in red. Immunoblots of lysates of PC12 cells stably expressing the different constructs are shown.
Constructs were detected using polyclonal anti-GFP antibody (middle) or antibodies as indicated (right). Note that PAGFP-tau� does
not react with the Tau5 antibody. B) Experimental set-up and photoactivation of a segment in the cell body of a fixed, undifferentiated
PC12 cell expressing 3XPAGFP. The outline of the cell and the position of activation are indicated. Scale bar, 5 μm. C) Fraction of
fluorescence measured in the activated segment and total fluorescence of living PC12 cells expressing 3XPAGFP or PAGFP-wt tau.
Mean ± SEM are shown. D) Images of differentiated PC12 cells expressing PAGFP*-tau� and PAGFP*-wt tau demonstrating fast
distribution of full-length tau on the microtubule array due to the presence of the MBR. The position of activation is indicated by a
red circle. Scale bars, 10 μm. E) Double fluorescence micrograph of a detergent-extracted and fixed PC12 cell demonstrating partial
colocalization of PAGFP*-wt tau with microtubules (yellow color in overlay). The activated region is shown at higher magnification in the
inserts. PAGFP-tau� and 3XPAGFP did not colocalize with microtubules in similar experiments. Scale bar, 10 μm.

toward the cell body (43% of the cells) during the
observation period. In the remaining 14% of the cells,
a slight movement toward the tip of the process was
observed (Figure S1). Thus, the data indicate the absence
of active directed transport (fast axonal transport) involving
motor proteins. The decay of the fluorescence intensity
in the activated segment could be well simulated by a
diffusion model with an effective diffusion coefficient (Deff)
of 0.82 ± 0.11 μm2/second (n = 22) (Figure 2B, middle
left). Simulation with a closed tube model fitted well the
dissipation of tau justifying the assumption that tau binding
and release rates are much faster than diffusion, which
reduces the reaction–diffusion equations to a simple
diffusion equation with an effective diffusion constant (23)
(Figure 2B, bottom left).

PAGFP*-tau� dissipated much faster than full-length tau
(Figure 2B, middle) with an almost 10-fold higher Deff
indicating that binding via the MBR mediates reduced

diffusion of full-length tau. In agreement, 3XPAGFP*
distributed with a Deff similar to tau� (Figure 2B, right). We
did not observe a significant change of process lengths
during the measurements indicating that the calculated
effective diffusion coefficients are not altered by process
growth or retraction. The diffusion of 3XPAGFP or tau� in
neurites was lower than the diffusion of GFP in different
cell models where values between 15 and 87 μm2/second
had been calculated based on fluorescence recovery after
photobleaching (FRAP) experiments (17,24,25). However,
measurements of diffusion constants in the nucleus
have revealed that triple (EGFP) has a less than half
as high effective diffusion coefficient compared with the
EGFP monomer (26). From this, it can be concluded that
3XPAGFP diffusion in the process is equal or only slightly
lower than in other compartments of the cell.

Surprisingly, we also observed in many neurites of
PAGFP-tau�-expressing cells a transient enrichment of
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Figure 2: Tau’s dissipation fits a dif-

fusion model and tau sequence

exhibits a transient enrichment in

the tip of neurites of differenti-

ated PC12 cells. A) Evaluation and
visualization of protein distribution by
computer-assisted image analysis of
time-lapse recordings. An example of
a PC12 cell expressing PAGFP-wt tau
is shown. Scale bar, 10 μm. B) Contour
and color coded plots of 2D intensity
functions from neurites in which the
indicated constructs have been acti-
vated in the middle of the process. Fits
(green) of representative decay plots
(blue) to model diffusion are shown.
Mean effective diffusion coefficients
from fits of n processes are given.
Position of activation (arrow) and tip of
process (arrowhead) is indicated. Tran-
sient enrichment of tau close to the
tip is marked by a white arrowhead.
Simulations of tau dissipation using
the experimentally determined effec-
tive diffusion coefficients and respec-
tive process lengths are presented at
the bottom. Note the presence of a
local minimum between enrichment
and activation region in the experi-
ment with PAGFP*-tau� which can-
not be simulated by isotropic diffusion
alone. C) Contour and color coded plot
demonstrating strong transient enrich-
ment of tau� at the tip of a process
with a large growth cone region. Posi-
tion of activation (arrow) and tip of
process (arrowhead) is indicated. D)
Contour and color coded plot from a
neurite in which PAGFP-wt tau has
been activated in the middle of the
process and distribution has been fol-
lowed for more than 9 min. Position
of activation (arrow) and tip of pro-
cess (arrowhead) is indicated. The
white arrow indicates that the peak
of PAGFP*-wt tau does not change
its position with time. E) Contour and
color coded plots of 2D intensity func-
tions from neurites that have been
activated at the tip of the process.
The position of activation is indicated
by an arrowhead. Immobile fractions
10 seconds after UV irradiation in the
activated segment (I10/Itot) are shown
demonstrating reduced mobility of all
constucts in the tip compared to the
shaft of the neurites. Mean ± SEM,
n = 18–29.
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PAGFP*-tau� close to the tip of the neurite shortly after
photoactivation in the middle of the process (Figure 2B,
middle, white arrow; Figure S2). Transient enrichment
was evident by the presence of a local minimum between
enrichment and activation zone and occurred in the
majority (57%; n = 23) of neurites with photoactivated
PAGFP-tau�. No transient enrichment was present in
similar experiments with the cytosolic control protein
3XPAGFP* (Figure 2B, right; Figure S3). It should be
noted that the presence of a closed end results in a
transient increase of the concentration of 3XPAGFP*
in the distal neurite which could also be simulated
with a closed tube model matching the experimental
time range (20–60 seconds) and geometry (Figure 2B,
bottom). However, the difference between enrichment
and increased concentration at the tip consists in the
important fact that an intensity distribution simulated by
isotropic diffusion alone never can show a local minimum
between activation zone and any second region. Thus,
the presence of a local minimum implies an intensity
gradient directed from the tip indicating that the tip acts
as an adsorber trapping tau’s amino terminal projection
domain or that tau� is carried by active anterograde
transport. The extent of distal enrichment varied between
cells and was strongest in neurites with growth cones
that covered larger areas (Figures 2C and S2), indicating
that trapping of tau is more efficient in large growth
cones. It should be noted that the shape of the tube
cap, that is, the form of the neurite tip, will alter the
temporal behavior of the transient enrichment, because
the boundary condition is then modified. However, a
cone or any more complicated taper can never lead to
a local minimum between tip and activation area, because
this is physically contradictory to an isotropic diffusion
process.

Movement of tau is compatible with diffusion/

reaction as opposed to active transport/reaction

Distal enrichment of PAGFP-tau� as observed in our
experiments could be caused by active anterograde
transport or by diffusion in combination with the presence
of an adsorber at the tip. To distinguish between these
possibilities, we determined the average velocity, ve,
with which PAGFP*-tau�, which had been activated
in the middle of the process, reached the tip of the
neurite. ve was calculated as �x/�t, where �x is
the distance between enrichment and activation zone
and �t is the time when the enrichment maximum
is observed. We found ve = 0.94 ± 0.22 μm/second for
short processes (tip at a mean distance of 14.0 ± 2.1 μm)
and ve = 1.33 ± 0.16 μm/second for longer processes (tip
at a mean distance of 39.0 ± 3.1 μm). For active transport,
the same velocities would be expected independent
of the distance. More importantly, the velocity is
much lower than expected for fast axonal anterograde
transport (2–5 μm/second) (27). Furthermore, treatment
of cells with iodoacetate, which inhibits the glycolytic
enzyme glyceraldehyde-3-phosphate dehydrogenase (28)
and reduces cytosolic ATP, did not affect the distribution

of PAGFP*-tau�. Thus, the data indicate that distal
enrichment is independent of motor protein activity and is
due to the presence of an adsorber at the tip.

Previously it has been shown that tau is a component
of slow axonal transport and transport rates between
0.2 and 3 mm per day have been reported (29–33). To
determine a potential slow transport of tau in neurites
of PC12 cells, we performed additional photoactivation
experiments in which we increased the observation time
from 112 seconds to 10 min. We did not observe a net
movement of the peak of PAGFP*-wt tau toward the
tip of the neurite (Figure 2D). Instead, we observed a
mean displacement of 0.65 ± 4.94 μm toward the cell
body (n = 11). Assuming a slow axonal transport rate
of 1 mm/day as it has been previously reported for rat
cortical cultures (31), about 7 μm of displacement during
the observation period would be expected. Thus, we did
not obtain evidence for movement of tau by slow axonal
transport in our system.

To determine whether tau is specifically retained in distal
neurites, we performed additional experiments where we
monitored fluorescence distribution after photoactivation
in the tip region. Dissipation after activation in the tip
was lower for wt tau as well as for tau� compared with
dissipation from the middle of the process as evidenced
by a slower decay of the fluorescence in the activated
region (Figure 2E, top). To quantitate the decay of fluo-
rescence, an immobile fraction, I10/Itot, was determined
by calculating the fluorescence intensity in the activated
segment at 10 seconds post-activation (I10) relative to
total fluorescence that was initially activated (Itot). I10/Itot
was higher for all constructs in the tip compared with
the shaft (Figure 2E, bottom) indicating reduced mobility
in the tip region. Moreover at the tip, wt tau was sig-
nificantly less mobile than tau� or 3XPAGFP suggesting
that microtubule anchorage is the major mechanism that
restricts tau’s mobility at the tip. It should be noted that
we did not observe a significant difference between the
mobility of tau� and 3XPAGFP in the tip indicating that
trapping of tau� by binding to an adsorber is weak com-
pared with the effect of the physical restriction caused by
the nearby end of the neurite. Thus, the results suggest
that trapping of tau by binding to an adsorber will, only
in combination with microtubule binding, lead to a more
permanent enrichment of proteins at the distal neurite.

To determine whether binding of tau� to the tip interferes
with endogenous tau distribution, cells were transfected
with PAGFP-tau�, fixed and stained for endogenous tau
and PAGFP-tau�. In transfected cells, tau� was clearly
present at the distal tips of neurites consistent with its
trapping in growth cones (Figure 3, top row, middle). While
endogenous tau was present in the processes of cells that
did not express tau� (Figure 3, bottom row), tau appeared
to be less prominent in neurites in tau�-expressing cells
suggesting that tau� and endogenous tau compete for
the same binding site.
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Figure 3: Distribution of endo-

genous tau and an amino ter-

minal tau fragment in differ-

entiated PC12 cells. Fluores-
cence micrographs of differenti-
ated PC12 cells that have been
transfected (top) or not transfected
(bottom) with PAGFP-tau�. Cells
were fixed and stained for endoge-
nous tau with Tau5 antibody,
which does not react with tau�

(see Figure 1A). Transfected cells
were identified with an antibody
against GFP. Arrowheads indicate
neurites that stain for tau� but
only weakly for endogenous tau
(top) compared to not transfected
cells. Scale bars, 10 μm.

Tau diffuses and shows transient enrichment at the

distal tip in axons of primary cortical neurons

PC12 cells extend neurites and resemble neurons in
many aspects but do not develop axonal-somatodendritic
polarity. To determine whether tau diffusion and distal
enrichment occur similarly in axons of primary neurons,
cortical mouse cultures were prepared, transfected
with PAGFP-wt tau or -tau�, and analyzed following
photoactivation. In order to identify neurons and their
axons, MAP2 stainings of control cortical cultures were
performed and individual cells were imaged at high
resolution (34). The morphological criteria were used
to identify axons in the live imaging experiments. In
agreement with our results using PC12 cells, dissipation
of the tau constructs could be well fitted by a diffusion
model (Figure 4A,B). Moreover in primary neurons, the
Deff of PAGFP-wt tau was much lower than the Deff of
PAGFP-tau�. More importantly, a transient enrichment of
PAGFP*-tau� at the distal axon with a clear local minimum
between activation and enrichment zone was also evident
in the majority of transfected neurons (67%, n = 6)
(Figure 4B, white arrow), whereas it was not observed
in neurons expressing 3XPAGFP. The data indicate that
tau’s amino terminal projection domain mediates binding
of tau at the tip of an axon in a similar fashion as it
was observed in transfected and neuronally differentiated
PC12 cells.

Interaction with microtubules and disease-relevant

conditions affect tau’s diffusion and suppress

enrichment of tau at the distal neurite

To determine the factors that affect tau distribution in
neurites, we tested first whether microtubule interaction
accounts for the reduced mobility of wt tau. Dissipation
of tau from the activated segment was measured in cells
that had been treated with the microtubule-disrupting

drug colchicine or with taxol, a drug that suppresses
microtubule (MT) dynamics and induces detachment of
tau from microtubules (35). Colchicine treatment led to a
breakdown of the microtubule array and increased mobility
of wt tau but not of tau� or 3XPAGFP indicating that intact
microtubules and interaction with tau’s MBR are required
to restrict the diffusion of tau in neurites (Figure 5A, left).
Treatment with taxol suppressed microtubule dynamics
as evidenced by an increase in the fraction of acetylated
tubulin as a marker for stable microtubule subpopulations
(Figure 5A, right, insert). Treatment with taxol also led
to an increased mobility of wt tau without affecting the
mobility of tau� or 3XPAGFP (Figure 5A, right) confirming
that tau–microtubule interaction is the major mechanism
that restricts tau’s mobility in neurites.

It is known that phosphorylation affects the interaction of
tau with microtubules and local changes in the extent of
phosphorylation may regulate tau’s mobility in neurites.
To measure the mobility of tau species with increased
phosphorylation, PAGFP-wt-tau-expressing cells were
treated with the phosphatase inhibitor okadaic acid
(OA) and compared with cells that stably express
pseudohyperphosphorylated (PHP) tau, which mimics AD-
like hyperphosphorylation (20). PHP tau was more mobile
in neurites than wt tau, and OA increased the mobility of
wt tau but not of PHP tau or tau� (Figure 5B), indicating
that tau’s phosphorylation state affects its mobility by
regulating tau’s binding to microtubules. Furthermore,
treatment with preaggregated Aβ42 increased the mobility
of full-length tau but not of tau� (Figure 5C) consistent
with previous data showing that Aβ mediates neurotoxicity
by increased phosphorylation of tau which reduces the
interaction of tau with microtubules (34). The decay of
the fluorescence intensity in the activated segment after
treatment with Aβ or OA could again be well fitted
by a diffusion model (Figure 5D) indicating that tau’s
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Figure 4: Tau diffuses and shows transient enrichment at the distal tip also in the axons of primary cortical neurons. A, B)
Inverted image to reveal cell morphology, fluorescence micrographs of time-lapse recordings, contour and color coded plots of 2D
intensity function, and fits of representative decay plots to model diffusion are shown for PAGFP*-wt tau (A) and PAGFP*-tau� (B).
Mean effective diffusion coefficients from fits of n processes are given. Position of activation (arrow) and tip of processes (arrowhead) is
indicated. Scale bar, 10 μm. Transient enrichment of amino terminal tau sequence at the tip of axons from primary neurons is indicated
by a white arrowhead.

diffusivity in neurites is directly regulated by its interaction
with microtubules and is increased with disease-
relevant modifications and at conditions that induce tau
hyperphosphorylation. Furthermore, the fit indicates that
also at disease-relevant conditions microtubule binding

and release is much faster than diffusion. Using the
diffusion coefficient of 3XPAGFP as a non-binding control
(Df) and the Deff values for the different scenarios, the
percentage of MT-bound tau can be calculated from
Df/Deff = 1 + K∗ with K∗ as the ratio of bound to free
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Figure 5: Interaction with microtubules and disease-relevant conditions affect tau’s diffusion and suppress enrichment of tau

at the distal neurite of differentiated PC12 cells. A) Effect of colchicine and taxol on immobile fractions (I10/Itot) demonstrating that
microtubule interaction restricts the diffusion of PAGFP*-wt tau but not of PAGFP*-tau� or 3XPAGFP* in neurites. Mean ± SEM,
n = 7–29. Immunoblots of lysates detected with antibodies against total tubulin (tub) and acetylated tubulin subpopulation (ac-tub)
indicating increased microtubule stabilization in the presence of taxol are shown at the right. B) Immobile fractions of PAGFP*-wt
tau, PAGFP*-PHP tau and PAGFP*-tau� and effect of OA. OA increases the mobility of PAGFP*-wt tau but not of the more mobile
PAGFP*-PHP tau or PAGFP*-tau�. Mean ± SEM, n = 13–29. C) Effect of preaggregated Aβ on immobile fractions of PAGF*-wt tau
and PAGFP*-tau� demonstrating the induction of increased tau mobility of PAGFP*-wt tau at AD-relevant conditions. Mean ± SEM,
n = 10–33. D) Fits of representative decay plots to model diffusion in the presence of Aβ or OA are shown. E) Calculation of mean
effective diffusion coefficients from fits of n processes and fraction of MT-bound tau at different conditions. F) Contour and color coded
plots of 2D intensity function demonstrating transient enrichment of PAGFP*-wt tau after taxol treatment at the tip of a process (white
arrowhead). No transient enrichment was observed after treatment of PAGFP-wt tau expressing cells with OA, with PAGFP-PHP tau
expression, or after treatment of PAGFP-tau� expressing cells with Aβ. Position of activation (arrow) and tip of process (arrowhead) is
indicated.

molecules (25). The calculations indicate that the majority
of tau (87%) is bound to microtubules at control conditions,
whereas taxol, OA or Aβ increase the amount of unbound
tau by 3–17% (Figure 5E).

The presence of a distal enrichment with tau� but its
absence with 3XPAGFP suggests that tau’s aminotermi-
nus specifically mediates transient binding in distal neu-
rites. However, full-length tau did not show such a clear
transient enrichment in similar experiments (Figure 2B,
left, Figures 4A and S1) although some enrichment
could be observed after longer observation times (see
Figure 2D). Therefore, we hypothesized that this deficit
was due to tau’s low mobility caused by microtubule
anchorage which prevents, in the analyzed time frame,

the diffusion that is required to reach the distal neurite.
Consistent with our hypothesis, treatment of the cells
with taxol to increase tau’s mobility by reducing its bind-
ing to microtubules resulted in a transient enrichment of
PAGFP*-tau in distal neurites in the majority of neurons
(56%, n = 18) (Figure 5F, left; Figure S4).

To test whether distal enrichment is sensitive to disease-
relevant conditions, we determined the effect of OA on
the distribution of PAGFP*-wt tau. In contrast to the treat-
ment with taxol, we did not observe distal enrichment of
tau in OA-treated cells despite the fact that both treat-
ments reduced tau’s microtubule anchorage to a similar
extent (Figure 5F, middle left). Furthermore, OA treatment
also reduced the fraction of cells with distal enrichment
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Figure 6: Model showing the mechanism of tau distribution in axons as revealed by our fluorescence photoactivation approach.
Tau dynamically binds to microtubules (blue) via its MBR (gray). In the growth cone, tau’s amino terminal projection domain (red) binds
to an adsorber at the tip (green) causing, together with microtubule anchorage, trapping at the distal neurite. Disease-related structural
changes of tau, experimentally induced hyperphosphorylation or taxol reduce tau’s microtubule binding in the neuritic shaft. While taxol
increases distal trapping, disease-related drugs abolish it thus causing mislocalization of tau to the somatodendritic compartment.

of PAGFP*-tau� (7% compared with 57% at control con-
ditions; n = 14 and 23, respectively, Figure S5), indicating
that experimentally induced hyperphosphorylation sup-
presses trapping of tau at the tip of a neurite. Distal enrich-
ment was also absent in cells expressing PAGFP-PHP tau
(Figure 5F, middle right), suggesting that conformational
changes that are induced by phosphorylation of tau reduce
binding to the adsorber. Treatment with preaggregated
Aβ reduced the fraction of cells with distal enrichment of
PAGFP-tau� to 37% (n = 27) (Figures 5F and S6).

It cannot be excluded that the changes in the distribution
of tau are caused by indirect effects, for example,
an increased degradation of the constructs in the
presence of OA or after treatment with Aβ. To test
this hypothesis, focal activation of PAGFP-tau constructs
was performed and the total fluorescence of the entire
cell was determined for 2 h. Fluorescence of the full-
length tau construct decreased by 6.5 ± 2.4% (n = 5)
indicating high proteolytic stability. Treatment with taxol
or OA did not affect the decrease in fluorescence
(decrease of 5.9 ± 2.5% and 7.2 ± 1.9%, respectively)
suggesting that tau’s turnover is not sensitive to such
a treatment. However, treatment with Aβ resulted in
a decrease of fluorescence by 13.9 ± 1.4% (n = 5)
indicating increased degradation of the PAGFP-wt tau
fusion protein. Aβ-induced degradation of tau is in
agreement with previous data (36) and suggests that a
photoactivation approach could also be useful to analyze
tau turnover in cells.

Taken together, our data indicate that the transient enrich-
ment of tau at distal neurites is critically affected by
AD-relevant conditions and is abolished after experimen-
tally induced tau hyperphosphorylation.

Discussion

We have shown that tau’s distribution in neurites fits a
diffusion/reaction model, such that its effective diffusion
constant is modulated by its dynamic interaction with
microtubules. The effective diffusion constant equals its
true diffusion constant times the fraction of free tau out
of total tau (free and bound tau). From the diffusion
constants, it could be calculated that the majority (87%) of
tau is bound to microtubules in the cells. This observation
is in agreement with estimations from biochemical
fractionation experiments of endogenous and transfected
tau in PC12 cells where the majority (>80%) of tau has
been found to be associated with microtubules (37).

From calculations of FRAP experiments, a slightly lower
binding of tau to microtubules was observed [∼75%; (17)].
This may be due to the fact that photobleaching requires
harsher conditions than photoactivation that results in
significant protein denaturation and functional impairment.
In agreement, generally higher diffusion constants were
observed in the FRAP study compared with our
photoactivation experiment (3 versus 0.8 μm2/second
for full-length tau). Experiments, in which the mobility
of GFP variants has been determined in the nucleus,
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did not reveal clear differences between the different
experimental approaches. Here, diffusion coefficients
of 20–87 μm2/second have been reported for FRAP
experiments, whereas 19–41 μm2/second have been
found in a photoactivation approach (26,38,39). Thus,
although FRAP and photoactivation experiments appear to
give comparable diffusion coefficients for freely diffusing
molecules, photoactivation may be preferable for the
analysis of intracellular interactions due to the possibility
to use milder conditions as lower energy is required for
photoactivation compared with photobleaching.

We did not find evidence for active transport/reaction
in our cell model. In some studies, it has been shown
that tau is a component of slow axonal transport in situ
and velocities between 0.2 and 3 mm per day have been
reported (29–32). It is possible that slow axonal transport
is evident only in longer axons or in other systems as
the presence and extent of slow axonal transport of
microtubule proteins appear to greatly vary with the cell
types analyzed (40).

The fact that microtubules mediate the rapid distribution
of tau in neurites, as documented by our data, is one
facette of neuronal tau dynamics, the other one, how
fresh tau molecules are supplied to the axon has recently
been addressed by Konzack et al. (17). They reported
a cotransport of tau with microtubule fragments that
was directed from the cell body into the axon. Dynamic
microtubule interaction and distal enrichment would then
provide a mechanism how tau is eventually confined to
and distributed in the axon in a phosphorylation-dependent
manner as shown in the present work.

In this study, we have shown for the first time that tau’s
amino terminal projection domain mediates binding and
enrichment of tau at distal neurites (Figures 5 and S2). The
most characteristic feature indicating enrichment at the tip
was the presence of a local minimum between enrichment
and activation zone which cannot be simulated by isotropic
diffusion alone and which was not present with a cytosolic
control protein of similar size (3XPAGFP). The extent of
distal enrichment varied between cells and was strongest
in neurites with large growth cones. This suggests that
a growth cone component acts as an adsorber for tau
via binding to tau’s amino terminal projection domain.
Previously, we have shown that tau’s projection domain
binds to a neuronal membrane component and that
this binding may be responsible for the proximodistal
gradient that tau exhibits in developing axons (41,42).
The binding appears to be specific because it was not
observed with a cytosolic control protein and did not
occur with the PHP-tau mutant, which is deficient in
binding to the membrane (43). The binding either may
occur to a component which is selectively enriched in the
axonal tip or tau may bind in a phosphorylation-dependent
manner to an uniformly distributed component as
phosphorylation of tau also exhibits a graded distribution
in the axon and membrane association is dependent on

tau’s phosphorylation state (3). It should, however, be
noted that the interaction appears to be weak and will
only in combination with microtubule binding lead to
a permanent enrichment at the distal neurite. Thus, it
will be difficult to identify tau’s interaction partner using
biochemical approaches.

In vitro, several tau interaction partners have been
identified some of which are components of the
plasma membrane or the submembrane cortex [for
review, see Brandt and Leschik (44)]. These include
phosphatidylinositol (45), arachidonic acid (46) and the
plasma-membrane-associated protein spectrin (47). It
remains to be shown whether any of these tau interactors
is involved in the transient trapping of tau at the distal
neurite and whether the interaction occurs through tau’s
amino terminal projection domain.

Why should tau, a potent inducer of microtubule assembly,
be localized to the growth cone? It is known that
dynamic microtubules are present in the growth cone
and that microtubules may have a decisive role in growth
cone orientation. In cultured neurons, tau exhibits a
proximo-distal phosphorylation gradient (41) which results
in a gradient of axonal tau binding with tau being
most concentrated at the transition from the axonal
shaft to the growth cone (42). Because it has been
shown that tau stabilizes microtubules by preserving their
dynamicity (48) and increases microtubule rigidity (49),
it would be perfectly positioned to contribute to the
generation of a rigid but still dynamic microtubule array
at the proximal growth cone important for growth cone
steering. A function of tau in the growth cone is also
supported by the finding that a local knockout of tau
decreases lamellipodial size in the growth cone (50).

Treatment with taxol resulted in a detachment of tau from
microtubules which decreased the fraction of microtubule-
associated tau by almost 20%. It appears surprising that
a microtubule-stabilizing agent that is frequently used in
cell-free assays to determine association constants of
microtubule-binding proteins reduces tau binding in cells.
However, our results are in agreement with a previous
study where it has been reported that treatment of cells
with taxol induces detachment of tau from microtubules
within minutes (35). It is known that taxol induces
structural changes in the microtubule lattice (51,52). The
data suggest that taxol-induced changes in microtubule
structure affect binding of MAPs which should be
considered when using taxol in binding assays. However,
the effect of taxol to detach tau from cellular microtubules
provides a tool to increase the amount of unbound tau to
follow the motion and behavior of free tau as has been
done in our study.

Disease-relevant conditions such as experimentally
induced hyperphosphorylation or treatment with Aβ

reduce microtubule binding and abolish distal enrichment,
whereas taxol increases the effective diffusion coefficient
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and permits distal enrichment (Figure 6). This indicates
that microtubule interaction and distal enrichment are
structurally and functionally independent which correlates
with our previous observation that tau’s membrane associ-
ation and activity on microtubule assembly are distinct and
are differentially affected by phosphorylation (43). Such a
mechanism may have several consequences which are
relevant for tau’s distribution and its role during AD.
First, differential regulation of tau’s microtubule interac-
tion and distal binding by site-specific phosphorylation
provides a mechanism to generate gradients of differen-
tially phosphorylated tau isoforms in the axon that have
been reported previously (3,41). Second, phosphorylation
or structural changes similar to disease-like modified PHP-
tau or tau in OA-treated cells directly lead to a redistribution
of tau from the axon to the somatodendritic compart-
ment by detaching tau from microtubules and abolishing
distal binding. Thus, microtubule-modulating agents that
increase tau’s interaction with microtubules and reduce its
diffusivity may be active in suppressing neurodegenerative
changes.

Materials and Methods

Materials and antibodies
Chemicals were purchased from Sigma (Deisenhofen). Cell culture
media and supplements were obtained from Sigma and Invitrogen
(Gaithersburg), culture flasks, plates and dishes from Nunc (Roskilde),
unless stated otherwise. The following antibodies were used. Tau-5
(mouse; PharMingen), anti-GFP (rabbit; Molecular Probes Inc.), anti-tubulin
(DM1A), anti-acetylated tubulin (6-11B-1). As secondary antibodies,
Cy3-coupled donkey anti-mouse and donkey anti-rabbit (Dianova) and
peroxidase-conjugated anti-mouse and anti-rabbit antibodies (Jackson
ImmunoResearch Laboratories) were used.

Construction of expression vectors and transfections
Eukaryotic expression plasmids for fetal (352 amino acids) human tau
with N-terminally fused PAGFP were constructed in pRc/CMV-based
expression vectors (Invitrogen) containing a CMV promoter and ampicillin
and neomycin resistance genes. PAGFP sequence was constructed from
enhanced green fluorescent protein (eGFP) sequence by changing the
codons L64F, T65S, V163A, T203H by site-directed mutagenesis with
primers as described by (18) and cloned in pRC/CMV-FLAG-wt tau (53)
to produce pCMV-PAGFP-wt tau. To construct pPAGFP-PHP tau and
pPAGFP-�tau, the respective FLAG-tau containing vectors (53) and a
vector with a truncated tau sequence (pRC/CMV-FLAG-tauN223) were
sequentially cut with SacI and NdeI to remove the initial segment and
used as vectors for the PAGFP-tau fragment which was cut with the
same enzymes. PHP tau was constructed by changing the codons for
S198, S199, S202, T231, S235, S396, S404, S409, S413, and S422 to
glutamate as described earlier (54) as we showed previously that tau
constructs in which serine/threonine residues (which are phosphorylated
to a high extent in AD tau) were substituted with glutamate to create a
pseudohyperphosphorylation mimic key structural and functional aspects
of hyperphosphorylated tau protein (3,43,54). To construct a 3xPAGFP
control, PAGFP sequence was excised from pCMV-PAGFP-wt tau and
cloned into peGFP-C1 vector using BglII and NheI to obtain pPAGFPx1-
C1. A second BglII site was added by PCR. The amplified fragment was
cut with BglII and inserted in pCMV-PAGFP-wt tau at BglII and BamHI
compatible sites yielding pPAGFPx2. pPAGFPx2 was digested with BglII
treated with CIP and used for new insertion of a amplified PAGFP fragment
cut with BglII to yield pPAGFPx3. Sequences that were introduced by PCR
were verified by DNA sequencing.

Transfections of PC12 cells were performed with Lipofectamin 2000
(Invitrogen) essentially as described previously (53). For generation of
stable lines, individual clones were selected in the presence of 500 μg/mL
Geneticin, then picked and propagated in serum-DMEM supplemented
with 250 μg/mL Geneticin on collagen-coated culture dishes as described
previously (2). For each construct, several independent clonal lines were
selected that expressed comparable levels of the protein. Transfections of
primary cultures were performed 8 days after plating with Lipofectamine
2000 essentially as described previously (55) except that MEM alone was
used as transfection medium.

Cell culture
PC12 cells were cultured in serum-DMEM as described previously (53).
For stable lines, 250 μg/mL Geneticin were included in the medium.
Undifferentiated cells were plated on 35-mm polylysine- and collagen-
coated glass-bottom culture dishes (MatTek Corporation) at 1 × 103

cells/cm2 and cultured in DMEM with 1% (v/v) serum. Cells were flattened
by addition of 100 ng/mL 7S mouse NGF (Alomone Labs) for 1–2 days. For
neuronal differentiation, NGF treatment was extended to 4–6 days and the
medium was changed every 2–3 days. Before imaging, the medium was
exchanged against the same medium containing DMEM without Phenol
red. Primary cortical cultures were prepared from cerebral cortices of
mouse embryos (day 15–17 of gestation) and cultured as described by
Leschik et al. (34). The cultures were obtained by breeding C57BL/6 NCrL
(Charles River Laboratories, Inc.) and C57BL/6 Jico (Harlan Winkelmann
GmbH) mice. Cells were plated at 4 × 104 cells/cm2 on polylysine- and
laminin-coated 35-mm glass-bottom culture dishes. Colchicine treatment
was performed for 30 min at 0.1 μM, taxol (Paclitaxel) was present for
1 h at 1 μM, and okadaic acid for 30 min at 10 nM. For treatment with Aβ,
Aβ(1-42) (Bachem) was preaggregated at 37◦C for 3 days at a concentration
of 400 μM and added at a final concentration of 1 μM for 15 min to the
cultures as previously described (34). Treatment with iodoacetic acid was
for 30 min at 0.5 mM.

Immunocytochemistry
To reveal association of tau with microtubules, a combined Nonidet P-40
detergent extraction–fixation procedure as described previously (56) was
used. To analyze distribution of endogenous tau and transfected constructs
in fixed cells, cells were treated with 4% (w/v) formaldehyde in PBS as
described previously (53). Staining was performed essentially as described
earlier (56) in PBS containing 1% (w/v) bovine serum albumin using the
respective antibodies.

Photoactivation and live imaging
Imaging was performed on a Nikon laser scanning microscope (Nikon
Eclipse TE2000-U inverted), equipped with a C1 confocal laser scanning
unit, argon (Ar; 488 nm), Helium/Neon (He/Ne; 543 nm) and blue diode
(405 nm) lasers and EZ-C1 software. Cells were visualized using the
488 nm argon laser line and 510–540 nm band-pass emission filter.
Microscope objectives used were an oil-immersion Nikon Plan Fluor 60×
(NA: 1.4) UV-corrected (VC) objective. The microscope was enclosed in
an incubation chamber maintained at 37◦C and 5% CO2 (Solent Scientific
Limited). For automated image acquisition a macro was programmed
in visual basic in the EZ-C1 software. Images were collected at 256 ×
256 pixels. The following steps were performed in a photoactivation
experiment. A cell was selected in the field of view and a ’preactivation
image’ at 488 nm excitation saved. The scan window was reduced to
an ’activation spot’ with a 5-μm diameter (corresponding to 130 pixels)
and photoactivation was performed with the 405 nm blue diode with two
scans at a pixel dwell time of 4.08 microseconds (corresponding to a
total activation time in the spot of 1.1 milliseconds). The scan window
was increased to the initial size and the first scan was performed after
1 second with the 488 nm laser at lowest practical laser intensity (neutral
density filter of 8). Subsequent frames were obtained at a frequency of 1
frame/second and 50 or 112 frames were collected per experiment. For
some experiments, the frequency of image acquisition was reduced to 1
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frame/5 seconds or to 1 frame/min. It was verified by software tools that
no pixels in the initial frames were saturated and movies including the
preactivation image were created in 12-bit format.

Image analysis
For image analysis, a program in MATLAB was developed. The program
processed the movies in the following way. The contour of the cell
was recognized and the individual images were processed by Gaussian
2D-filtering (two pixels width). An offset correction was performed by
subtracting the first frame (’preactivation’ image) from all subsequent
frames. The whole cell or part of the cell (i.e. a single neurite) was
selected as ’region of interest’ (ROI) by a mask technique. The ROI was
kept at the same position for all frames. A ’center of intensity’ (CI) was
calculated analogous to computing a center of gravity and a ’momentum
of intensity tensor’ (TI) was calculated analogous to the momentum of
inertia. TI was transformed to CI-coordinates by using the theorem of
Steiner. Calculating the eigenvectors of TI yielded the main axes system
(TIS). TIS was calculated for the first post-activation frame only and was
used unaltered for all following frames. The major axis of TIS exhibits
the lowest (quadratic) intensity spread in the direction perpendicular to it.
Therefore, this axis was used as a projection axis and a coordinate x was
defined along it. The valid x-range, that is, inside the ROI, was divided into
100 channels and the mean intensity per pixel was computed for each
stripe perpendicular to x and corresponding to a channel. In this way, the
linear distribution I(x) was calculated for every frame. For an elongated
neurites, for example, I(x) represents the intensity density (per pixel)
projected to the neurite’s axis. The data were plotted as a color-coded
filled contour plot of the 2D intensity function I(x, t), where t is the time
in seconds. The color scale ranges from red (highest intensity) to violet
(zero). This plot provides a visual representation of the dissipation and
movement of the photoactivated molecules from the activated segment.
Intensities were normalized for the total photoactivated population that
was detected in the ROI of the first frame after dark frame correction.
To quantitate the intensity decay in the activated segment, the region
of activation xA ± w was selected in the first frame post-activation and
the intensity in this region was averaged using I(x) for each frame. To
compare the dissipation of different constructs and at different conditions,
I10/Itot from the fluorescence intensity averaged over w at 10 second
post-activation (I10) in the activated segment and the fluorescence signal
from the total photoactivated population (Itot) was operationally defined.
This value reflects the immobile fraction of the activated population in the
activated segment after 10 seconds.

Modelling and simulation
To determine the behavior of the constructs, a diffusion model solving
Fick’s second diffusion equation was developed and used to fit the data
from the photoactivation experiments. A neurite was considered to be a
tube with one closed end. With the method of ’images’, the analytical
solution for the normalized intensity in the activation region xA ± w can be
given as:

I(t) = e−λ·t
√

2πσ

⎛
⎜⎝1 + e

−4(xA−xT)2

2σ2 − e
−4(xA−xB)2

2σ2

⎞
⎟⎠ + o (1)

and

σ =
√

2Dt + σ2
o (2)

[with t = time (seconds), xA = position of activation, xT = position of tip,
xB = position of cell body, σo = width of I(x, t = 0), o = offset parameter,
D = diffusion coefficient]. Photobleaching was set as λ = 0.001/second
as determined from control experiments. Starting values σo and o were
calculated from the intensity distribution I(x) of the first frame according to:

I(x) = 1√
2πσo

e

−(x−xA)2

2σ2
o + o. (3)

The resulting parameters were used for simulations of I(x, t) (see e.g.
Figure 2B, bottom). In these simulations, also defined background noise
was introduced to facilitate comparison with experiment.

Other methods
Immunoblot analysis and quantification of the blots was performed
as described previously (34). Data were expressed as means ± S.E.
Statistical analysis among experimental groups was performed using
paired Student’st test (Origin 7.0) or one-way ANOVA followed by post
hoc Bonferroni test. p values are *, p < 0.05; **, p < 0.01; ***, p < 0.001.
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Abstract

Alzheimer’s disease and other neurodegenerative disorders
share some common features at the cellular level, which are
often associated with a change in cytoskeletal dynamics.
Live cell imaging has been applied to study various aspects
of cell physiology including cytoskeletal dynamics. Recently,
fluorescence photoactivation (FPA) has been developed as a
novel approach to analyze protein dynamics in living cells
with high sensitivity. Here, we describe the application of
FPA to determine interactions and mobility of the micro-
tubule-associated protein tau in neurons as an example for a
disease-related cytoskeletal protein and discuss further appli-
cations of FPA to study cytoskeletal dynamics in neuro-
degenerative diseases.

Keywords: Alzheimer’s disease; microtubule-associated
protein; neurodegeneration; photoactivatable GFP;
photoactivation; tau protein.

Introduction: alteration of cytoskeletal

components during neurodegenerative diseases

Neurodegenerative diseases such as Alzheimer’s disease
(AD), amyotrophic lateral sclerosis (ALS) or Parkinson’s dis-
ease (PD) are characterized by a loss of neurons in selected
regions of the nervous system. In most cases, the diseases
are associated with a change in cytoskeletal proteins or an
altered organization of the three neuronal cytoskeletal fila-
ment networks, microtubules, microfilaments and neurofila-
ments (NFs) (Table 1). As the cytoskeleton is the major
intracellular determinant of the development and mainte-
nance of neuronal structure, abnormalities in cytoskeletal
components could have a causative role in the disease pro-
cess or could at least accelerate disease progression. Although
direct evidence that changes of cytoskeletal proteins cause
neurodegenerative diseases is still missing, indirect evidence
comes from the finding that familial forms of several neu-
rodegenerative disorders are associated with mutations in
genes of cytoskeletal proteins. Examples include the disease
frontotemporal dementia with parkinsonism linked to chro-

mosome 17 (FTDP-17), a tauopathy where exonic and intro-
nic mutations in the gene of the microtubule-associated
protein tau have been identified (Gasparini et al., 2007). As
tau is thought to regulate the dynamics of the microtubule
array in neurons, malfunction of mutated tau or changes in
the pattern of the expressed isoforms of tau could compro-
mise the function of microtubules in transport processes
(Baas and Qiang, 2005). Alternatively, they could affect the
structural stability of axons (Brandt et al., 2005). In rare cas-
es of ALS, a mutation in NFH, the gene encoding the heavy
subunit of neurofilaments, is present (Al-Chalabi et al.,
1999). It is, however, still a matter of dispute, whether NF
mutations have a primary role or only represent a risk factor
for ALS (Garcia et al., 2006). In the most common inherited
disorder of the peripheral nervous system, Charcot-Marie-
Tooth disease (CMT), mutations in the neurofilament light
chain gene have been linked to some forms of CMT (Nie-
mann et al., 2006). This suggests that a disturbed NF assem-
bly can cause demyelination, which is characteristic for the
disease.

Live cell imaging of neurodegenerative disease

models

Interestingly, many of the neurodegenerative processes are
associated with pathological alterations in the dynamic turn-
over of intracellular proteins including proteins of the neu-
ronal cytoskeleton. The alterations can become evident as
dysfunctional protein degradation, accumulation of misfold-
ed proteins or deficits in cellular transport mechanisms
(Bakota and Brandt, 2009; Weissmann et al., 2009).

The most common neurodegenerative disease, AD, has
become a paradigmatic disease in the analysis of the role of
cytoskeletal changes during neurodegeneration. This is as a
result of the fact that in 2010 approximately 35 million
patients will suffer worldwide from the disease (The Inter-
national Federation of Alzheimer’s Disease and Related Dis-
orders Societies, 2009), which primed a large interest in
many labs from academia and companies to understand the
molecular mechanisms of the disease. Currently, AD certain-
ly is the best studied neurodegenerative disease, although
basic mechanisms are still not fully understood. Histopatho-
logical features of the disease represent the formation of
extracellular aggregates of the amyloid precursor protein
(APP) fragment Ab and intracellular aggregates of the cyto-
skeletal tau protein. Although there are still no mutations in
the tau gene known, which cause AD, evidence from several
lines of experiments indicate that post-translational changes
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Table 1 Cytoskeletal abnormalities in some of the most common neurodegenerative diseases.

Neurodegenerative Cytoskeletal abnormality with regard to
disease

Microtubules Microfilaments Neurofilaments

Alzheimer’s disease Microtubule assembly defect Altered actin assembly Decreased expression of NF-M and
(Grundke-Iqbal and Iqbal, 1989) (Bamburg and Wiggan, 2002) NF-L mRNA (Kittur et al., 1994)

Amyotrophic lateral Modification of microtubule proteins – Defective neurofilament transport
sclerosis (Lou (Binet and Meininger, 1988) (Rao and Nixon, 2003)
Gehrig’s Disease)

Huntington’s disease Microtubule destabilization Altered actin dynamics –
(Trushina et al., 2003) (Burnett et al., 2008)

Multiple sclerosis Impaired microtubule-dependent – Change in neurofilament compactness
transport (Sasaki and Iwata, 1996) and phosphorylation (Petzold et al., 2008)

Parkinson’s disease Modification of microtubule Influence on actin dynamics Decreased expression of neurofilament
dynamics (Ren et al., 2009) (Sousa et al., 2009) mRNA (Hill et al., 1993)

Prion diseases – – Neurofilament accumulation
(Guiroy et al., 1989)

Figure 1 Distribution of the microtubule-associated protein tau during health and disease.
(A) Schematic representation of the distribution of the microtubule-associated protein tau during health (top) and AD (bottom). The con-
centration of tau is shown shaded and microtubules are indicated as lines. (B) Staining of brain sections of an AD patient with the antibody
AT8 that detects a phosphorylated epitope on tau (Porzig et al., 2007). Note the strong staining of phosphorylated tau in the cell body and
proximal dendrites. (C) Gallyas staining of a brain section from an AD patient. Gallyas staining is known to be specific for neurofibrillary
tangles (NFTs), which contain fibrillar forms of tau (Gallyas, 1971). Note the presence of Gallyas-positive inclusions in the cell body and
proximal dendrites. Scale bar: 50 mm.

or cleavage of tau have an executive role for triggering the
death of neurons during the disease process (Park and Fer-
reira, 2005; Tackenberg and Brandt, 2009). During AD, tau
redistributes from a predominantly axonal localization to a
somatodendritic distribution, where it forms aggregates (Fig-
ure 1). The redistribution of tau occurs concomitantly with
an increased phosphorylation at selected sites. Thus, scruti-
nizing the determinants that guide the distribution of tau in
neurons and its mislocalization during disease as well as ana-
lyzing tau turnover in the cell including its post-translational
modifications and degradation could provide important infor-
mation for a better understanding of the disease process. This
task requires the use of techniques that permit to study the

dynamics of tau distribution in living neurons. Recently, flu-
orescence photoactivation (FPA) has been developed as a
novel approach to analyze protein dynamics in living cells
with high sensitivity and resolution.

Fluorescence photoactivation of cytoskeletal

proteins

The term fluorescence photoactivation depicts the rapid con-
version of photoactivatable molecules from no or low fluo-
rescence to a higher fluorescence state by irradiation with
light of specific wavelength, intensity and duration. FPA pro-
vides a useful tool to label and track living cells, organelles,
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Figure 2 Experimental setup for a combination of lentivirus-based expression with time-lapse imaging after focal activation to study the
motion of tau in primary cortical neurons.
(A) Schematic representation of the production of lentiviral particles. Human embryonic kidney 293FT cells are transfected with the
expression vector and two helper plasmids as described by Dittgen et al. (2004). Viral particles from the supernatant are concentrated by
centrifugation and used to infect primary cortical neurons. The microtubule-binding region of tau is indicated as a dark box. (B) Experimental
setup of a typical imaging experiment. Photoactivation of an infected neuron is performed in the middle of a process. To visualize and
evaluate protein distribution in a spatio-temporal manner, low resolution imaging followed by computer-assisted image analysis is performed
(for experimental details see Weissmann et al., 2009). Scale bar: 10 mm.

small molecule populations or even single molecules in
living systems in a spatio-temporal manner. Some photoac-
tivatable proteins convert from a low to a brighter fluores-
cence state, whereas others switch their fluorescence color
(Lukyanov et al., 2005).

The first developed photoactivatable protein is the pho-
toactivatable green fluorescent protein (PAGFP), which was
derived from wild type GFP via a Thr203His substitution to
produce a variant devoid of green fluorescence before acti-
vation (Patterson and Lippincott-Schwartz, 2002). Irradiation
at UV with a wavelength of 405 nm leads to an irreversible
photoconversion of the PAGFP chromophore, which results
in an increase of fluorescence up to 100-fold. The fluores-
cence can then be recorded by excitation at 488 nm wave-
length. The photoactivated fluorescence has been shown to
remain photostable for days under aerobic conditions (Pat-
terson and Lippincott-Schwartz, 2002). A great advantage
of fluorescence photoactivation compared with alternative
methods such as photobleaching comprises the fact that only
photoactivated molecules are visible in the experimental set-
up. Thus, newly synthesized molecules will not be fluores-
cent, which simplifies analysis of the results of live cell
studies (Patterson and Lippincott-Schwartz, 2002). Further-
more, photoactivation occurs more rapidly and requires low-
er intensity of irradiation thereby reducing the risk of photo-
toxicity compared with classical photobleaching approaches
(Patterson and Lippincott-Schwartz, 2002).

The utility of PAGFP for addressing biological questions
was demonstrated in different experimental setups, for exam-
ple, the study of embryogenesis, metastasis and tumor for-
mation, or taxis reactions of free unicellular organisms
(Lukyanov et al., 2005). As PAGFP, like GFP, can be fused

to different proteins, it provides the opportunity to study the
localization, direction of transport, trafficking and turnover
of various proteins in a living cell. Fusion of PAGFP with
cytoskeletal proteins is especially informative as many cyto-
skeletal proteins are known to be highly dynamic within the
cell in a temporally and spatially regulated manner. This is
of particular importance for neurons, which show extreme
morphological differentiation into a somatodendritic com-
partment and an axon. As a neuronal microtubule-associated
protein, tau interacts with microtubules and is thought to
modulate axonal microtubule dynamics. Post-translational
modification of tau at disease-relevant conditions could
affect microtubule interaction and microtubule stability of
tau in neurons.

To scrutinize the distribution and motion of the cytoske-
letal associated protein tau within living neurons, FPA of
PAGFP-tagged tau constructs followed by time-lapse record-
ings was used. Different PAGFP-tagged constructs were
cloned into eukaryotic expression vectors and lentiviral vec-
tors containing neuron-specific promoters (Dittgen et al.,
2004). The vectors were used for transient transfection or
viral infection of primary cortical mouse neurons. Transfec-
tions were performed using Lipofectamin 2000�, which per-
mits transient gene transfer with minimal interference with
cell survival (Weissmann et al., 2009). Lentiviral infections
allowed for a long-term analysis of neurons expressing mod-
erate levels of the gene (for general experimental setup see
Figure 2).

PAGFP was then photoactivated in a focal spot within the
neurite by a laser flash at 405 nm wavelength. The activated
green fluorescence of PAGFP was monitored with a confocal
laser scanning microscope using an excitation wavelength of
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488 nm. Time lapse imaging was performed for periods up
to 56 min to follow the motion of the photoactivated mole-
cules out of the region of interest (Figure 2). For determi-
nation of apparent diffusion constants, analyses were
performed as described by Weissmann et al. (2009).

Molecular modeling revealed that tau exhibited an appar-
ent diffusion coefficient in processes of neural cell lines and
primary cortical neurons, which was approximately 10-fold
lower than a non-microtubule binding cytosolic control con-
struct matching the size of photoactivatable tau (Weissmann
et al., 2009). Thus, the results indicated that dynamic inter-
action of tau with microtubules reduced its diffusion in neu-
rites. The data fits indicated that microtubule binding and
release was much faster than diffusion, which allowed deter-
mination of the amount of microtubule-bound tau from the
ratio of bound to free molecules (Sprague et al., 2004). Cal-
culations revealed that the majority of tau (approximately
90%) was bound to microtubules in axons, which corre-
sponds well to estimates using subcellular fractionation.
Experimentally induced hyperphosphorylation of tau using
the protein phosphatase inhibitor okadaic acid increased the
diffusion coefficient of tau corresponding to a reduction of
the microtubule interaction of tau by more than 10%. This
is consistent with the observation that phosphorylation at
selected sites decreases microtubule interaction of tau. In
agreement with this hypothesis, a pseudohyperphosphorylat-
ed tau construct, which was designed to mimic an AD-like
tau hyperphosphorylation, showed a reduced microtubule
interaction (Fath et al., 2002; Weissmann et al., 2009). To
determine potential differences in tau dynamics with regard
to its subcellular localization, activation was also performed
at the tip of neurites. Compared to the shaft, focal activation
at the tip resulted in a reduced mobility suggesting trapping
of tau at the tip of neurites (Weissmann et al., 2009). Thus,
FPA of PAGFP-tagged tau constructs permits to analyze
microtubule interaction of tau in living cells and in real time,
which provides the unique opportunity to determine the
effect of disease-relevant conditions on cytoskeletal dynam-
ics in living neurons.

Summary and outlook

Tight regulation of cytoskeletal dynamics has an important
role during the development of neurons. In turn, dysregula-
tion of cytoskeletal organization and stability appears to be
involved during most neurodegenerative diseases. Photocon-
vertible molecules such as PAGFP provide a new dimension
of live cell imaging as they can be used to examine various
kinetic properties, such as diffusion constants, compartment-
al residency times and dynamic interactions with neuronal
microdomains. The combination of lentivirus-based expres-
sion of human tau protein in primary cortical neurons with
time-lapse imaging after focal activation can be applied to
study the motion of tau in single neurons. Furthermore, also
changes in the binding capacity to the cytoskeleton, which
occur during AD can be monitored in living neurons using
this approach.

Photoactivation techniques can also be used to analyze
neuronal transport processes such as slow axonal transport
with higher sensitivity than it is possible with photobleaching
approaches. Neuronal transport is impaired in several neu-
rodegenerative diseases including ALS, multiple sclerosis
and prion diseases (Table 1). In contrast to photobleaching,
the risk of photodamage is reduced in photoactivation exper-
iments and analysis is not complicated by incorporation of
newly synthesized fluorescent proteins.

Further applications could include real time analysis of
the aggregation of cytoskeletal proteins, which are hallmarks
of several neurodegenerative diseases such as AD, ALS and
PD. Protein aggregation should easily be detectable by a
decreased mobility (i.e., an increased diffusion constant). In
addition, local changes in protein turnover during disease
conditions can be determined by following the loss of fluo-
rescence as a result of the destruction of the protein of inter-
est. Reduced degradation of cytoskeletal proteins is thought
to contribute to the formation of aggregates.

Thus, the power of live cell imaging approaches using
photoactivatable molecules still remains to be fully exploited
to understand the role of changes in cytoskeletal dynamics
during the development of neurodegenerative diseases.
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Introduction
Frontotemporal dementia (FTD) is the second or third most 
common dementia after Alzheimer’s disease (AD), and it com-
prises 3–10% of all neurodegenerative dementias (Yoshiyama 
et al., 2001). 30–50% of persons with FTD have a positive fam-
ily history, and mutations in the microtubule-associated protein 
(MAP) tau are responsible for a large proportion of familial 
FTD cases. Several FTD cases have been linked genetically to 
chromosome 17q21-22 and have been referred to as “fronto-
temporal dementia and parkinsonism linked to chromosome 
17” (Foster et al., 1997). According to a large population-based 
study in the Netherlands, three distinct mutations (G272V, 
P301L, and R406W) account for 16% of familial FTD cases 
(Rizzu et al., 1999).

Most families with FTDP-17 show deposits of tau in neu-
rons or in glial cells. In some families, the tau deposits are iden-
tical to those present in AD (Spillantini et al., 1996) and consist 
of aggregates of hyperphosphorylated tau proteins in the cell 
soma. Why the MAP tau, which is normally enriched in the 
axon, redistributes to the somatodendritic compartment during 
disease is still a matter of debate. In AD, it has been shown 
that pathologically increased amounts of amyloid  (A), a 
cleavage product of the amyloid precursor protein (APP), trig-
ger an increased phosphorylation of tau (Busciglio et al., 1995; 
Leschik et al., 2007; Tackenberg and Brandt, 2009). Because 
hyperphosphorylated tau exhibits a reduced binding to micro-
tubules, this may result in a loss of tau’s axon-specific localiza-
tion, thus triggering the pathological cascade.

Changes of the microtubule-associated protein tau 
are central in Alzheimer’s disease (AD) and fron-
totemporal dementia with Parkinsonism linked to 

chromosome 17 (FTDP-17). However, the functional con-
sequence of the FTDP-17 tau mutation R406W, which 
causes a tauopathy clinically resembling AD, is not well 
understood. We find that the R406W mutation does not 
affect microtubule interaction but abolishes tau’s mem-
brane binding. Loss of binding is associated with de-
creased trapping at the tip of neurites and increased 
length fluctuations during process growth. Tandem affinity 

purification tag purification and mass spectrometry iden-
tify the calcium-regulated plasma membrane–binding 
protein annexin A2 (AnxA2) as a potential interaction 
partner of tau. Consistently, wild-type tau but not R406W 
tau interacts with AnxA2 in a heterologous yeast ex-
pression system. Sequestration of Ca2+ or knockdown of 
AnxA2 abolishes the differential trapping of wild-type 
and R406W tau. We suggest that the pathological effect 
of the R406W mutation is caused by impaired membrane 
binding, which involves a functional interaction with 
AnxA2 as a membrane–cytoskeleton linker.

The frontotemporal dementia mutation R406W 
blocks tau’s interaction with the membrane in an 
annexin A2–dependent manner
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system isoform (441 aa) containing also the adult-specific  
exons 2, 3, and 10 (to allow for an easy reference to previous 
work, the numbering of the mutated site and the phosphoryla-
tion epitopes is based on the tau isoform containing 441 aa). For 
immunological detection and use in live cell imaging, the short 
(8 aa) FLAG-sequence and three longer fluorescent tags (EGFP, 
photoactivatable GFP [PAGFP], and mRFP) were used. The 
tags were fused to the amino termini of the tau variants because 
additional amino-terminal sequences do not interfere with the 
interaction of tau with microtubules or membrane components 
(Brandt et al., 1995; Maas et al., 2000).

The constructs were expressed in PC12 cells as a model 
for neural cells (Fig. 1 A; Greene et al., 1991). In immunoblots 
of lysates of transfected PC12 cells, the proteins separated at 
apparent molecular masses of 50–55 kD and 65–70 kD (FLAG-
tagged 352 and 441 tau, respectively) and 75–80 kD (PAGFP-, 
EGFP-, and mRFP-tagged 352 tau). The electrophoretic mobil-
ity was lower than would be expected from the calculated mo-
lecular weight, which is in agreement with earlier studies (Maas 
et al., 2000; Weissmann et al., 2009). It was evident that wt tau 
separated as a single band, whereas the respective R406W mu-
tated protein separated as a doublet, with one band having a 
higher electrophoretic mobility (Fig. 1 A, right, arrow versus  
arrowhead). This may indicate the presence of a population with 
reduced phosphorylation in R406W tau because it is known that 
phosphorylation leads to detergent-resistant conformational do-
mains in tau protein, which result in decreased electrophoretic 
mobility. Transient or stable expression of the R406W mutant 
did not result in obvious phenotypic alterations of undifferen-
tiated PC12 cells, and comparable amounts of the constructs 
were expressed (Fig. 1 B).

R406W tau exhibits reduced 
phosphorylation at several residues 
compared with wt tau including the PHF1 
site (S396/404), T205, and T212
Tauopathies are thought to be associated with increased phos-
phorylation of tau protein (Stoothoff and Johnson, 2005). How-
ever, with respect to the R406W mutation, both increased and 
decreased phosphorylation of tau have been described depending 
on the cell system used (Krishnamurthy and Johnson, 2004).

To determine the effect of the R406W mutation on the 
phosphorylation profile of tau in PC12 cells, lysates of cells 
that stably expressed FLAG-tagged wt tau or R406W tau were 
analyzed by quantitative immunoblotting with phosphorylation-
sensitive antibodies. As a loading control, blots were also stained 
with the phosphorylation-independent Tau5 antibody, which de-
tects all tau isoforms (Fig. 1 C). Some of the phosphorylation- 
sensitive antibodies (pT205, pT212, pS214, and PHF1) pref-
erentially detected the R406W tau band with the lower elec-
trophoretic mobility (i.e., the upper band), which confirms that 
the reduced electrophoretic mobility of wt tau is caused by a 
higher phosphorylation state. No difference was observed with 
an antibody that detected a dephosphorylated epitope (Tau1). 
The quantification of all immunoreactive bands revealed that 
the R406W mutation exhibits a decreased phosphorylation at 
T205, T212, and the PHF1 epitope (S396/S404; reductions of 

With respect to the underlying molecular mechanism, the 
exonic FTDP-17 mutation R406W is most interesting because it 
causes an early onset tauopathy that clinically closely resembles 
AD and is often misdiagnosed as such (Ostojic et al., 2004; 
Ikeuchi et al., 2008; Lindquist et al., 2008). Why the R406W 
mutation leads to pathological changes in the absence of in-
creased A is unknown.

Overexpression of R406W tau in transgenic mice causes 
age-dependent accumulation of tau aggregates in neuronal peri-
karya, a reduction of the amount of tau in the axon, and in-
duction of neurodegeneration (Zhang et al., 2004). All of these 
features have also been reported in AD mouse models (Götz and 
Ittner, 2008). However, in contrast to hyperphosphorylated tau 
in models of AD, the R406W mutation does not significantly 
alter the ability of tau to regulate microtubule dynamics (Bunker 
et al., 2006). This is consistent with the finding that soluble 
R406W tau from the brain of FTDP-17 patients is not hyper-
phosphorylated but is rather hypophosphorylated as compared 
with tau from healthy subjects (Miyasaka et al., 2001). Several 
studies also found that R406W tau does not differ from wild-
type (wt) tau in its ability to form filaments in vitro (Aoyagi  
et al., 2007; Chang et al., 2008). These findings suggest that 
features other than the perturbation of microtubule binding or 
filament formation are responsible for the redistribution of 
R406W tau to the somatodendritic compartment in the develop-
ment of tau pathology.

We have previously shown that tau binds to the axonal 
membrane cortex through its amino terminal projection domain 
(Brandt et al., 1995). Binding of tau to the membrane was sen-
sitive to phosphorylation and was abolished after experimen-
tal hyperphosphorylation of tau (Maas et al., 2000; Eidenmüller  
et al., 2001). We have also provided evidence that tau is trapped 
in the distal axon mediated by its membrane binding. This trapping 
is abolished in the presence of A or at increased tau phosphory-
lation (Weissmann et al., 2009). It can thus be hypothesized that 
the R406W mutation decreases the interaction of the mutant 
protein with the membrane much like an A-induced tau hyper-
phosphorylation, thereby causing a loss of axonal localization.

To scrutinize functional consequences of the R406W mu-
tation, we expressed epitope-tagged human tau constructs in 
neuronally differentiated PC12 cells. We determined the phos-
phorylation profile using a panel of phosphorylation-sensitive 
antibodies and analyzed tau distribution using fluorescence 
decay after photoactivation. Binding to the membrane cortex was 
determined by subcellular fractionation of surface-biotinylated 
cells, and potential tau interaction partners were identified by 
tandem affinity purification (TAP) tag purification and mass 
spectrometry (MS).

Results
To determine functional consequences of the FTDP-17 mu-
tation R406W in the MAP tau, a panel of epitope-tagged  
human tau variants with or without the R406W mutation in the  
carboxy-terminal nonmicrotubule binding region were produced 
(Fig. 1). The constructs were based on the shortest isoform 
of tau coding for 352 aa and the longest human central nervous  
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The data indicate that in PC12 cells, R406W tau is less phos-
phorylated at several disease-relevant sites than the wt protein.

The R406W mutation does not affect the 
interaction of tau with microtubules
During tauopathies, tau may change or lose its interaction 
with microtubules, which in turn may affect its distribution 
within neurons.

To assess this interaction for the R406W mutation, we 
transiently expressed fluorescently tagged tau constructs in 

40–65%) as compared with wt tau, whereas other sites were not 
affected or only slightly affected (T181, S199, S214, and S262). 
We did not observe an increased phosphorylation of R406W tau 
at any of the sites analyzed. To determine whether the presence 
of the adult-specific exons affects phosphorylation, quantitative 
immunoblotting was also performed with lysates expressing the 
441 tau isoforms using some of the phosphorylation-sensitive 
antibodies. Again, we did not observe a change with the Tau1 anti-
body, whereas phosphorylation was strongly decreased at T205, 
T212, and the PHF1 epitope (reductions of 40–80%; Fig. 1 D).

Figure 1. Expression and phosphorylation of human wt and R406W mutated tau in neural PC12 cells. (A) Schematic representation of the epitope-tagged 
tau fusion constructs and immunoblot of tau-expressing cells. The tag is indicated as a green flag, the microtubule-binding region (MBR) as black box. Adult-
specific exons 2, 3, and 10 are indicated in gray. The R406W FTDP-17 mutation and some disease-relevant phosphorylation sites are indicated (numbering 
according to the longest central nervous system tau isoform containing 441 aa). The AT270 antibody recognizes phosphorylated T181, PHF1 phosphory-
lated S396/S404, and Tau1 dephosphorylated S199. Immunoblots of lysates detected with Tau5 antibody show separation of the fusion proteins at the 
expected size. Note that wt tau separates as a single band (arrowhead), whereas R406W mutant tau exhibits a doublet (arrowhead and arrow) indicative 
of the presence of a population with decreased phosphorylation. (B) Fluorescence micrographs of PC12 cells stably expressing different tau constructs 
and a vector control. Proteins were detected using monoclonal anti-FLAG antibody, and nuclei were stained with DAPI. Bar, 10 µm. (C) Immunoblots and 
phosphorylation profile of tau as detected with a panel of phosphorylation-sensitive antibodies. Lysates were prepared from stably transfected FLAG-tau 
(352 tau)-expressing cells. Immunoblots are shown for different phosphorylation-sensitive antibodies as indicated (top) and phosphorylation-insensitive Tau5 
antibody (bottom). Relative immunoreactivity against individual phosphoepitopes was calculated from the total intensities of all tau-reactive bands per lane 
divided by Tau5 immunoreactivity. To plot a phosphorylation profile, the respective values for R406W tau were expressed relative to wt tau, which was set 
as 100%. Mean and range from two independent tau-expressing PC12 cell clones are shown (error bars). 25 µg of protein were loaded per lane. Note the 
decreased phosphorylation of mutant tau at several sites (T205, T212, and S396/404). The amount of endogenous tau was below the detection limit. Black 
lines indicate that intervening lines have been spliced out. (D) Immunoblots and relative immunoreactivity of 441 tau, as detected with a selection from the 
antibodies shown in C. Lysates were prepared from stably transfected Flag-tau (441 tau)-expressing cells. Phosphorylation was decreased at T205, T212, 
and at the PHF1-epitope, similar to 352 tau. Numbers to the sides of the gel blots indicate molecular mass standards in kilodaltons.
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The distribution of focally activated PAGFP-tau (PAGFP*-tau) 
was recorded over time (Fig. 3 A). The fluorescence decay in 
the activated region was then plotted against the time, and Deff 
was calculated as described previously using a modeling ap-
proach (Fig. 3 B; Weissmann et al., 2009). We did not find any 
difference in the Deff of wt tau and R406W after coexpression 
with the fluorescence tag (mRFP) alone, which confirms that 
both proteins bind to microtubules to a similar extent (Fig. 3 C). 
The percentage of microtubule-bound tau can be calculated 
from Df/Deff = 1 + K*, with K* as the ratio of bound/free mol-
ecules (Sprague et al., 2004) and the diffusion coefficient of 
3×PAGFP as a nonbinding control (Df = 6.3 µm2/s; Weissmann 
et al., 2009). These calculations indicated that the majority of 
wt tau and R406W tau (87% and 88%, respectively) was as-
sociated with microtubules in the neurites. Coexpression of 
mRFP-labeled tau constructs with PAGFP-tagged tau resulted 
in a decrease of Deff by 40–60%, probably caused by increased 
molecular crowding on the microtubules. We did not observe 
an obvious difference in the Deff of wt tau when coexpressed 
with the same construct or with R406W tau, or of R406W tau 
when coexpressed with the same construct or wt tau. This indi-
cates that wt tau does not displace R406W tau from the surface 
of microtubules, or vice versa, and suggests that both proteins  
interact with microtubules in a very similar manner.

Collectively, the data indicate that the R406W mutation 
does not affect tau-dependent microtubule stabilization or the 
interaction of tau with microtubules in living cells.

R406W tau is deficient in binding to the 
neuronal membrane cortex and exhibits a 
reduced trapping in neurites
We have previously shown that tau interacts with the neural 
membrane cortex in a phosphorylation-dependent manner 

PC12 cells, induced a neuronal phenotype by treatment with 
NGF, and performed a combined fixation–extraction protocol 
to visualize microtubule-associated tau protein (Fig. 2 A, left). 
We observed that wt tau and R406W tau exhibited a very similar 
filamentous staining pattern indicative of binding to microtubules. 
Both proteins were enriched in neurites and were also present in 
filamentous structures in growth cones (Fig. 2 A, left, arrowheads 
and insets). When wt tau and R406W tau were coexpressed in 
the same cell, no difference in the distribution was observed, as 
indicated by the yellow color in the overlay (Fig. 2 A, right). 
This suggests that both wt tau and R406W tau bind to the same 
microtubule subpopulations in NGF-differentiated PC12 cells.

It is known that binding of tau to microtubules results in 
increased microtubule stability, which is manifested by a higher 
ratio of acetylated/total tubulin (Piperno et al., 1987). To deter-
mine the degree of microtubule stabilization, lysates from cells 
that stably expressed FLAG-tagged wt tau and R406W tau were 
analyzed by immunoblotting and compared with control cells. 
Immunodetection used antibodies against tau, acetylated tubu-
lin, and total -tubulin (Fig. 2 B, left). Quantification revealed 
that wt tau and R406W tau expression led to an 30% increase 
in microtubule stability as compared with control cells (Fig. 2 B, 
right). No difference was observed between wt tau and R406W 
tau–expressing cells, again indicating that both proteins bind 
to the same extent to microtubules. Thus, the data indicate that 
despite its decreased phosphorylation, R406W tau does not en-
hance microtubule stabilization.

It is possible that wt tau and R406W tau bind in a differ-
ent manner to microtubules, which could for example result in a 
displacement of mutant tau by wt tau from microtubules. To ex-
plore this hypothesis, we determined the effective diffusion co-
efficient (Deff) of PAGFP-tau in neurites when coexpressed with 
mRFP-wt tau, mRFP-R406W tau, or the fluorescence tag alone. 

Figure 2. Fluorescent-tagged wt and R406W  
tau interact similarly with microtubules. (A) Fluor-
escence micrographs (left) and double fluor-
escence images (right) of detergent-extracted 
cells expressing the indicated tau constructs. 
The growth cone region is shown enlarged in 
the insets. Note the filamentous staining pat-
terns in the growth cone regions (arrowheads) 
indicative of cytoskeletal association (left). Co-
localization of wt tau and R406W tau suggests 
binding to the same subpopulation of microtu-
bules (right). Bars, 20 µm. (B) Immunodetection 
of tau, acetylated tubulin (ac-tub), and total  
-tubulin of lysates from tau-expressing and 
vector-control PC12 cell lines. Indicated amounts 
of protein were loaded per lane. Relative im-
munoreactivity of the ac-tub signal to total  
-tubulin was calculated from the lanes where 
10 µg of protein had been separated. Note 
the increased ratios of acetylated to total tu-
bulin in human tau-expressing cells compared 
with control lines indicative of microtubule 
stabilization. No difference was observed be-
tween wt and R406W tau–expressing cells. 
Mean and range from two independent tau-
expressing PC12 cell clones are shown (error 
bars). Experiments were performed with the 
352 tau isoform. Numbers to the sides of the 
gel blots indicate molecular mass standards 
in kilodaltons.
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R406W tau and wt tau, respectively). This suggests that the 
nonplasma membrane-bound R406W tau is instead present in 
the cytosol. Thus, the data suggest that the R406W mutation 
abolishes tau’s association with the membrane cortex and in-
creases the amount of tau in the cytosolic fraction.

To determine whether the difference in membrane binding 
can also be visualized by fluorescence microscopy, we followed 
tau distribution after focal activation of tau. In fact, PAGFP*-wt 
tau showed a clear enrichment at the periphery, which suggests 
its membrane association, whereas PAGFP*-R406W tau exhib-
ited a uniform distribution within the process (Fig. 4 C). To de-
termine whether the difference in membrane binding affects 
trapping of tau in neurites, we photoactivated wt tau and R406W 
tau in the tip of a neurite and followed its distribution over time. 
It was evident from the color-coded plots of 2D intensity func-
tions that PAGFP*-R406W dissipated faster from the activation 
spot than PAGFP*-wt tau (Fig. 5 A). For quantification of the 
extent of trapping, the fraction of tau in the activated spot was 
compared with total tau (It/Itot) at different time points after acti-
vation. We observed that It/Itot was significantly higher for wt 
tau as compared with R406W tau (Fig. 5 B). This indicates a 
preferential trapping of wt tau in agreement with its ability to 
interact with the plasma membrane. We determined the effective 

(Brandt et al., 1995; Maas et al., 2000). Tau’s association with 
the membrane cortex may play an important role in the axonal 
localization of tau and may contribute to the trapping of tau in 
distal processes (Weissmann et al., 2009).

To determine whether the R406W mutation affects the as-
sociation of tau with the membrane cortex, cell fractionations 
were used to enrich plasma membranes and proteins of the as-
sociated membrane cortex (PM fraction). The protocol is based 
on magnetic sphere separation of surface-biotinylated cells that 
were homogenized at mild conditions (Fig. 4 A). With this 
method, a PM fraction, which contains 30–35% of the total 
cellular actin, is obtained, indicating the presence of the actin-
rich membrane cortex. This fraction is devoid of tubulin, which 
behaves as a soluble cytosolic protein under the conditions of frac-
tionation (Fig. 4 B). In agreement with previous results (Maas 
et al., 2000), 20–30% of total wt tau was present in the PM 
fraction as detected with antibodies against total tau (Tau5) and 
a dephosphorylated tau epitope (Tau1). In contrast to wt tau, 
R406W tau was completely absent from the PM fraction. Quan-
tification of the Tau5 blot revealed that the percentage of the tau 
signal in the organelle/membrane fraction was similar for R406W 
tau and wt tau (27% and 22%, respectively), whereas the percent-
age of cytosolic R406W tau was much higher (73% and 52% for 

Figure 3. Wt and R406W tau exhibit 
same effective diffusion in the neuritic shaft.  
(A) Live cell imaging of a PC12 cell coexpress-
ing mRFP-tagged wt tau and PAGFP-tagged 
R406W tau after fluorescence photoactivation. 
The position of photoactivation is indicated by 
a circle in the preactivation images, and distri-
bution between 1 and 112 s was determined. 
Fluorescence decay of PAGFP-R406W tau in 
the activated region as a result of diffusion is 
marked by the arrows. Bar, 20 µm. (B) Fits of 
representative decay plots to model diffusion 
of PAGFP-wt tau and R406W tau. Modeling 
was performed as described in Materials and 
methods. (C) Effective diffusion coefficients 
for PAGFP-tau in different combinations of 
coexpression. Stably transfected PAGFP-tau– 
expressing lines were transiently transfected 
with mRFP or mRFP-tagged constructs as indi-
cated. Coexpression of tau constructs reduces 
the diffusion similarly for wt and R406W tau. 
Values are shown as mean ± SEM from fits of 
n processes. Experiments were performed with 
the 352 tau isoform.
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Figure 4. R406W tau is deficient in binding to the neural plasma membrane. (A) Schematic representation of the plasma membrane fractionation assay to  
analyze tau’s interaction with the neural membrane cortex. (B) Immunoblot showing the distribution of FLAG-tagged tau, actin, and tubulin in the cytosolic (Cyt), 
organelles/membrane (OM), and plasma membrane/membrane cortex (PM) fractions. Note the complete absence of R406W tau mutant in the PM 
fraction, whereas a major amount of wt tau is PM-associated. Numbers to the sides of the gel blots indicate molecular mass standards in kilodaltons.  
(C) Time-lapse microscopic images of processes from PC12 cells expressing PAGFP-tagged tau constructs after photoactivation. A close-up of the processes 
(red box) is shown and the position of photoactivation is indicated by a circle. Note the enrichment of wt tau close to the plasma membrane (arrows), 
whereas R406W tau shows a uniform distribution. Experiments were performed with the 352 tau isoform. Bar, 10 µm.
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Unfortunately, the presence of Ca2+ resulted in the precipitation 
of AnxA2 even at control conditions (PAGFP alone; unpub-
lished data), probably because of the formation of unspecific 
complexes in the presence of neural membrane components. 
To overcome this limitation, we coexpressed human tau with 
GFP-tagged human AnxA2 in the heterologous yeast system. 
The proteins were clearly produced and present in crude ex-
tracts (Fig. 7 B, input). In pull-down assays in the presence of 
Ca2+, between 25 and 40% wt tau coprecipitated with AnxA2, 
whereas R406W tau remained completely in the supernatant 
(Fig. 7 B, top). Copreciptation occurred with both the 352 and 

diffusion constants for wt and R406W tau after activation in the 
tip by taking into account that diffusion is restricted to one di-
rection. Deff in the tip was less than half for wt tau compared 
with R406W tau (Fig. 5 C) and compared with the diffusion of 
tau in the shaft (see Fig. 3). The data suggest that tau’s mem-
brane association causes retention of tau in the tip of neurites, 
which is compromised by the R406W mutation.

The R406W mutation causes fluctuations 
during process outgrowth
The data presented indicate that wt tau and R406W tau differ 
in their ability to interact with membranes in the processes of 
neural cells. Consequently, the loss of membrane interaction as a 
result of the R406W mutation could also affect neurite extension.

To test whether tau’s membrane interaction influences 
process extension in differentiating PC12 cells, process growth 
was followed by live cell imaging of NGF-treated PC12 cells, 
which stably expressed EGFP-tagged wt tau or R406W tau. We 
observed that processes of cells expressing wt tau appeared to 
continuously extend their length with time in culture (Fig. 6 A, 
top; and Fig. 6 B, left). In contrast, processes from R406W tau– 
expressing cells showed large fluctuations between elongating 
and shrinking states (Fig. 6 A, bottom; and Fig. 6 B, right). Quan-
tification confirmed that R406W tau–expressing cells exhibited 
larger length changes during process growth compared with wt 
tau–expressing or EGFP-expressing control cells (Fig. 6 C).  
The total length of the processes did not differ between cells 
expressing the two tau constructs, as determined from popula-
tion analysis after 6 d of NGF treatment (Fig. 6 D). The data 
indicate that the R406W mutation induces larger fluctuations 
in elongation rates, which suggests that tau’s membrane inter-
action stabilizes process growth.

The plasma membrane–associated protein 
annexin A2 (AnxA2) functionally interacts 
with tau to mediate trapping in neurites
Because the wt protein associates with the membrane cortex, 
in contrast to R406W tau, we performed TAP tag MS of tau- 
transfected neural cells to identify membranous or membrane-
associated proteins as potential tau interaction partners. To 
solubilize the membrane, lysates were prepared at low deter-
gent concentrations (0.15% NP-40). With this approach, the 
calcium-regulated membrane and microfilament-interacting 
protein AnxA2 was identified as a prominent component of a 
tau-containing complex (Fig. 7 A). To test for a direct inter-
action between tau and AnxA2, we performed yeast two- 
hybrid experiments with human wt tau, R406W tau, and human  
AnxA2. None of the tested combinations displayed any inter-
action (unpublished data). Thus, either tau and AnxA2 do not 
directly interact, or the interaction may not occur within the yeast 
nuclear environment (e.g., because of the absence of suitable mem-
brane components or an inappropriate Ca2+ concentration). To test 
for interaction of AnxA2 and tau in PC12 cells, cellular lysates 
were prepared and PAGFP-tau was precipitated using a GFP-
trap in the presence of NP-40. We did not detect endogenous 
AnxA2 coprecipitating with human tau when the experiments 
were performed in the absence of Ca2+ (unpublished data). 

Figure 5. R406W tau exhibits reduced trapping in the tip of neurites com-
pared with wt tau. (A) Contour and color-coded plots of 2D intensity func-
tions after photoactivation in the tip of representative processes expressing 
PAGFP wt and R406W tau. Position of activation is indicated by black 
arrowheads in the contour plot. Fluorescence intensity is color-coded from 
blue to red as indicated on the right. Note that the dissipation of fluores-
cence in the activated region occurs faster with R406W tau compared 
with wt tau. (B) Quantification of retention after focal activation of wt and 
R406W tau in the tip of neurites. Immobile fractions at different time points 
after activation (It/Itot) show decreased retention of R406W compared with 
wt tau. Values are shown as mean ± SEM (error bars). **, P < 0.01;  
*, P < 0.05 (n = 12–21). (C) Effective diffusion coefficients of tau after photo-
activation at the tip of processes in PC12 cells stably expressing PAGFP 
wt tau or R406W tau. Values are shown as mean ± SEM with fits from  
n cells. Note the decreased Deff value corresponding to the increased reten-
tion of wt tau compared with R406W tau. Experiments were performed 
with the 352 tau isoform.
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expressed wt tau or R406W tau were infected with lentivirus en-
coding AnxA2 shRNA or a control shRNA. Infected cells were 
selected with puromycin. Western blot analysis showed that the 
amount of AnxA2 strongly decreased to 21.7 ± 5.5% (n = 4) with 
AnxA2 shRNA, whereas only minor changes were observed 
when the cells were treated with the control shRNA (Fig. 9 A). 
Consequently, a strong reduction of annexin staining was also 
observed by immunocytochemistry (Fig. 9 B). It should be noted 
that tau levels were approximately twice as high in cells that 
have been treated with AnxA2 shRNA compared with untreated 
cells. We also observed that treatment with the control shRNA 
increased the amount of tau to a similar extent, which indicates 
that the changes in tau expression are related to the puromycin 
treatment during the selection and not to AnxA2 knockdown.

The effect of AnxA2 knockdown on tau trapping was then 
analyzed after photoactivation of tau in the tip of neurites. We ob-
served that the difference in the retention of wt tau and R406W 
tau was abolished after annexin knockdown (Fig. 9 C). In agree-
ment, Deff in the tip was much lower for wt tau compared with 
R406W tau after infection with the control shRNA, whereas it 
was similar in AnxA2 shRNA–treated cells (Fig. 9 C, right).

Because it is known that binding of AnxA2 to membranes 
requires calcium (Gerke and Moss, 2002; Gerke et al., 2005), 
we treated cells expressing wt tau or R406W tau (in the absence 

the 441 wt tau isoform, indicating that the additional exons were  
not required for the interaction with AnxA2. In control experi-
ments where GFP was coexpressed with the tau constructs, neither  
352 nor 441 tau precipitated. Thus, the data indicate that in a  
heterologous yeast system, AnxA2 and tau specifically interact.

To test whether tau and annexin could also interact in 
neural cells, we performed colocalization experiments in differ-
entiated PC12 cells and primary cortical cultures. Endogenous 
AnxA2 was present in the cell body and in processes, where 
it showed enrichment in distal tips (Fig. 8 A). Transfected tau 
was also present in the cell body, the neurites, and the tip of 
processes. In growth cones, we observed colocalization of tau 
and AnxA2 in filamentous structures (Fig. 8 A, insets), which 
is consistent with a tau–annexin interaction in this region. To 
test for interaction with cytoskeletal structures, we performed a 
combined fixation–extraction protocol. We observed that a sig-
nificant amount of AnxA2 was retained together with tau in the 
cell body, neurites of differentiated PC12 cells (Fig. 8 B), and 
axons of primary cortical cultures (Fig. 8 C), confirming that 
tau and AnxA2 are present in the same compartment and associ-
ate with cytoskeletal structures.

To test for a functional interaction between tau and annexin 
in neurites, we knocked down AnxA2 in PC12 cells by small 
hairpin RNA (shRNA). For these experiments, cells that stably 

Figure 6. The R406W mutation induces higher fluctuations during process growth. (A) Live imaging of PC12 cells stably expressing EGFP-tagged wt tau and 
R406W tau. Fluorescence micrographs of the same cell at different times after induction of differentiation with NGF are shown. Two representative processes 
per cell are followed over time and are indicated by arrowheads. Bar, 100 µm. (B) Plot of the lengths of the representative processes indicated in A over 
time. Note that the processes of the R406W tau–expressing cell showed large fluctuations in lengths over time. (C) Quantification of mean length change per 
day for tau-expressing cells compared with an EGFP-expressing control (con). Results are shown as mean ± SEM (error bars). ***, P < 0.001; *, P < 0.05 
compared with the EGFP-expressing control (n = 52–81 processes). Two independent clonal lines were used per construct. (D) Mean length of processes after 
6 d of NGF treatment as determined by population analysis. 23–31 of processes were measured for the respective cell lines. Mean process lengths ± SEM 
are given (error bars). Note that the overall process length is similar for tau-expressing cells. Experiments were performed with the 352 tau isoform.
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Collectively, the data indicate that wt tau but not R406W 
tau functionally interact with AnxA2 in neural growth cones 
and suggest that this interaction regulates the distribution of 
both proteins.

Discussion
We have shown that the R406W FTD tau mutation abolishes the 
ability of tau to interact with the neural membrane cortex and 
reduces trapping of tau in the tip of neuron-like processes. In 
contrast, microtubule-related features such as the activity to sta-
bilize microtubules or the extent and dynamics of microtubule 
binding in neuronal processes were unaffected by the mutation. 
Previously, it had been shown that some FTDP-17 mutations 
compromised tau’s ability to affect microtubule dynamics, 
whereas the R406W mutation did not alter microtubule-related 
activities (Bunker et al., 2006) and was indistinguishable in the 
colocalization pattern with microtubules (DeTure et al., 2000). 
This is consistent with the idea that at least some FTDP-17 
mutations affect other activities of tau rather than binding to 
microtubules. It will be interesting to determine whether other 
tau mutations that have been frequently observed in FTDP-17 
cases such as G272V and P301L also influence tau’s interaction 
with annexin.

of shRNA) with the cell-permeable calcium chelator BAPTA/AM  
to interfere with the annexin–membrane interaction. Also,  
after BAPTA treatment, the difference in the retention of 
wt tau and R406W tau was abolished (Fig. 9 D), which again sug-
gests that tau trapping is caused by an interaction with AnxA2 
at the membrane.

If AnxA2 causes retention of wt tau due to a functional 
interaction in the tip of processes, it may be expected that, in 
turn, wt tau expression reduces the mobility of AnxA2 in growth 
cones. To test this hypothesis, we prepared an AnxA2–PAGFP 
fusion construct and expressed it in PC12 cells. An immunoblot 
of cellular lysates confirmed that the full-length construct was 
expressed in infected cells in addition to endogenous annexin 
(Fig. 10 A). We observed that AnxA2–PAGFP was distributed in 
the cytosol and the processes and showed an enrichment at the 
tip of neurites similar to endogenous AnxA2 (Fig. 10 B, compare 
with Fig. 8 A). Wt tau colocalized with AnxA2–PAGFP at the 
tip while R406W tau was absent. To test whether tau expression 
affects the mobility of AnxA2, we performed fluorescence decay 
after photoactivation experiments where AnxA2–PAGFP was ac-
tivated at the tip of the processes and its dissipation followed over 
time. We observed that wt tau expression caused an increased 
retention of AnxA2–PAGFP* in the tip compared with R406W 
tau–expressing or untransfected control cells (Fig. 10 C).

Figure 7. Identification of annexinA2 as a putative tau interaction partner. (A) TAP of tau protein. Amino-terminally TAP-tagged 441 tau was purified from 
SKNBE2 cells, separated by SDS-PAGE, and stained with colloidal Coomassie. The overexpressed tau protein is clearly visible at an apparent molecular 
mass of 70–80 kD. Copurifying proteins identified by LC-MS/MS are labeled. The sequence coverage for the AnxA2 protein sequence was 23% (indi-
cated by marking sequenced peptides underlined and in boldface). (B) Pull-down of GFP-tagged Anx A2 fusion constructs in yeast. Wt tau coprecipitated 
after pull-down of GFP–Anx A2. No coprecipitation of R406W tau was observed. In control experiments (pull-down of GFP), wt tau did not coprecipitate. 
Numbers to the sides of the gel blots indicate molecular mass standards in kilodaltons.
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R406W mutation exerts long-range conformational effects 
on the structure of tau (Connell et al., 2001), which could ex-
plain an effect of the carboxy-terminal mutation on the amino- 
terminal domain. This is also consistent with the reduced phos-
phorylation of T205 and T212 in R406W tau compared with 
wt tau, residues that are both located in the amino-terminal 
half of the protein. Previously, we have observed similar and 
selective long-range effects when we analyzed the influence of 
phosphorylation on tau’s ability to interact with the membrane 
cortex. We found that pseudophosphorylation in tau’s carboxy 
terminus abolished tau’s interaction with the membrane cortex, 
whereas tau’s ability to promote microtubule assembly was un-
changed (Eidenmüller et al., 2001).

What is the functional role of tau’s interaction with the 
membrane? We previously demonstrated that overexpression of 
tau’s amino terminus inhibits process outgrowth in cells (Brandt 
et al., 1995), and suggested that tau’s membrane interaction 
supports process formation that is competitively suppressed by 
the amino-terminal fragment. Consistent with this hypothesis, 
we have found here that R406W tau–expressing cells showed 
higher fluctuations in process extension compared with wt tau, 
which may suggest that tau’s membrane interaction supports 
stable process growth, presumably by bridging the growing 
microtubules to the membrane cortex in the growth cone. Our 
data suggest that this bridging is mediated by AnxA2 (see the 
following paragraph). It has been reported that AnxA2 is up-
regulated during NGF-induced differentiation of PC12 cells 
(Schlaepfer and Haigler, 1990; Fox et al., 1991), which parallels 

The R406W mutation reduced rather than increased phos-
phorylation at several positions, including the PHF1 epitope 
(S396/S404), T212, and T205. Decreased phosphorylation of 
R406W tau at several sites has also been reported earlier in dif-
ferent cellular systems (Dayanandan et al., 1999; Matsumura 
et al., 1999; Vogelsberg-Ragaglia et al., 2000; DeTure et al., 
2002; Tackenberg and Brandt, 2009). Among others, all of 
these sites can be phosphorylated in vitro by the kinases Cdk5 
and GSK3, both of which have been implicated as having 
a role in AD (Cruz and Tsai, 2004; Hooper et al., 2008). The 
data presented here also indicate that phosphorylation at these 
positions does not affect tau’s ability to stabilize microtubules. 
This is in agreement with the finding that the extent of phos-
phorylation at Ser262, which is located within the microtubule-
binding region and known to critically affect tau’s microtubule 
interaction (Biernat et al., 1993), was not significantly changed 
in the R406W variant. However, it is possible that the changes 
in the phosphorylation profile that are induced by the R406W 
mutation induce more subtle changes with respect to tau’s  
microtubule-related activities.

On first view, it appears surprising that a mutation in 
tau’s carboxy-terminal region selectively affects a feature that 
is known to be mediated by the opposite side of the molecule, 
the amino-terminal projection domain of tau. However, it has 
been shown previously that tau can adopt a “paperclip” con-
formation, in which the amino- and carboxy-terminal domains 
approach each other (Jeganathan et al., 2006). Furthermore, 
MS analysis of the phosphorylation pattern suggested that the 

Figure 8. Distribution of tau and AnxA2 in PC12 cells and primary cortical neurons. (A) Fluorescence micrographs of neuronally differentiated PC12 
cells stably expressing PAGFP wt tau. Cells were fixed with paraformaldehyde and stained against GFP and endogenous AnxA2. The growth cone 
region is shown enlarged in the insets. Note the enrichment of AnxA2 at the tip of processes and colocalization of tau and AnxA2 in filamentous 
structures of the growth cone (arrowheads). (B and C) Fluorescence micrographs of PC12 cells stably expressing PAGFP wt tau (B) and primary cortical 
neurons (C) after a combined detergent extraction–fixation protocol to reveal cytoskeletal association. PC12 cells were stained against GFP and endog-
enous AnxA2, and cortical neurons were stained against endogenous tau and AnxA2. Note that a significant amount of AnxA2 is retained together 
with tau in the cell body and neurites of PC12 cells, as well as the axons of primary neurons. Experiments were performed with the 352 tau isoform.  
Bars: (A and B) 10 µm; (C) 50 µm.
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Figure 9. Annexin A2 is required for trapping of wt tau in the tip of neurites. (A) Immunoblots demonstrating shRNA-mediated knockdown of AnxA2 in 
PC12 cells. PC12 cells stably expressing PAGFP wt tau or R406W tau were infected with lentiviral particles coding for AnxA2 shRNA (AnxA2 shRNA) or a 
control shRNA (con shRNA). Infected cells were selected with puromycin as described in Materials and methods. Annexin A2 protein is reduced by 80% in 
AnxA2 shRNA-treated cells. (B) Immunofluorescence images of PC12 cells stably expressing PAGFP wt tau and R406W tau with or without shRNA-mediated 
annexin knockdown. Staining was against AnxA2 and the GFP tag. After knockdown, AnxA2 is hardly detectable by immunofluorescence. Bar, 10 µm.  
(C) Retention of wt tau and R406W tau in the tip of processes after treatment with control shRNA and after shRNA-mediated AnxA2 knockdown. Immobile 
fractions after activation (It/Itot) were determined after 10 s and expressed relative to wt tau. Values are shown as mean ± SEM (error bars); *, P < 0.05 
(n = 10–16). Effective diffusion coefficients of the respective experiments are shown in the table. Values are shown as mean ± SEM with fits from n cells. 
Note that annexin knockdown abolished the difference in retention and Deff values between wt tau and R406W tau. (D) Retention of wt tau and R406W 
tau in the tip of processes in the presence of the calcium chelator BAPTA/AM (BAPTA). Immobile fractions were determined as described in C. Note that 
the different retention of wt tau and R406W tau is abolished in the presence of BAPTA. Values are shown as mean ± SEM (error bars; n = 11–16). Experi-
ments were performed with the 352 tau isoform.
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determined by differential intracellular calcium concentrations 
in the cell (Gerke and Moss, 1997). Ca2+-regulated membrane 
binding of AnxA2 could also provide a mechanism to localize 
tau in an activity-dependent manner to the presynaptic region, 
thus regulating microtubule dynamics in parallel to the firing 
of a synapse.

Mice lacking AnxA2 show no obvious phenotypic change. 
Therefore, it has been proposed that other annexins can com-
pensate for a functional loss of AnxA2 in a knockout scenario 
(Rescher and Gerke, 2004). Thus, transient down-regulation by 
RNA interference or expression of dominant interfering mutants 
may be more informative to analyze AnxA2-mediated activities. 
In fact, we observed that lentiviral shRNA administration caused 
a transient decrease of AnxA2 in cells and affected the trapping 
of tau in neuronal processes. In contrast, long-term expression of 
shRNA did not result in a decrease of AnxA2 protein, probably 
because of compensating mechanisms (unpublished data).

Our observation that the R406W mutation reduces trap-
ping of tau in the distal neurite, which is probably caused by its 
decreased interaction with AnxA2, could be relevant in a neuro-
degenerative scenario. Decreased binding of R406W tau could 
result in a reduced stability of the presynapse and a distribution 
of tau R406W, which is less confined to the distal process. In 
this context, it appears remarkable that both A-mediated  
hyperphosphorylation of tau in an AD scenario and the R406W 
mutation converge with respect to a loss of function of tau to  
interact with the plasma membrane. This could provide an ex-
planation as to why the R406W tau mutation produces a pheno-
type that is clinically closely related to AD. Interestingly, in 
pathological conditions including seizures and AD, AnxA2 ex-
pression is increased (Eberhard et al., 1994). This could point to 
a compensatory mechanism of affected neurons in an attempt to 
rescue tau’s membrane interaction in such patients.

the increased expression of tau (Drubin et al., 1988). This would 
be consistent with an involvement of both proteins in regulating 
neurite outgrowth (Fox et al., 1991; Jacovina et al., 2001). Very 
recently, it has been reported that tau affects neurite initiation 
without requirement for microtubule binding (Leugers and Lee, 
2010). It is conceivable that tau’s association with the mem-
brane cortex is also involved in this activity.

Several lines of evidence reported here support the find-
ing that tau interacts with AnxA2. (a) Annexin A2 was identi-
fied as an interacting protein using a TAP tag approach with tau 
as a bait. (b) Tau coprecipitated with AnxA2 in a heterologous 
yeast expression system. (c) Tau and AnxA2 colocalized in 
neuronally differentiated cells, and we observed colocalization 
of tau and AnxA2 in filamentous structures in the growth cones. 
(d) shRNA-mediated AnxA2 knockdown abolished trapping of 
tau in the tip of neurites. (e) Chelation of Ca2+ ions by treatment 
with BAPTA/AM, which is known to remove annexin from the 
plasma membrane, increases the mobility of tau in the tip of 
neurites. (f) Expression of tau increases the retention of AnxA2 
in distal processes. Annexins are a multigene family of calcium-
regulated membrane-binding proteins, which are expressed in 
most eukaryotic cell types and species (Gerke and Moss, 2002). 
In vertebrates, 12 subfamilies are expressed, termed A1–11 and 
A13 (Morgan and Fernández, 1997). The annexins share a core 
domain, which serves as a general membrane-binding module 
consisting of four -helical annexin repeats and an amino- 
terminal head region of various lengths, which extends into 
the cytosol (Rescher and Gerke, 2004). Annexin A2 is mainly 
localized at the plasma membrane and the N-terminal domain 
modulates its membrane binding activity (Gerke and Moss, 
2002). Plasma membrane binding is reversible and chelation 
of calcium results in liberation of AnxA2 from the membrane. 
Thus, the localization and distribution of AnxA2 may be  

Figure 10. Tau expression reduces the mobility of AnxA2 in growth cones. (A) Immunoblot showing the expression of PAGFP-tagged AnxA2 at the ex-
pected size (arrows). Endogenous annexin is indicated by the arrowhead. Tubulin is stained as loading control. (B) Fluorescence micrographs of PC12 cells 
stably expressing FLAG-tagged wt tau or R406W tau after infection with a lentivirus encoding AnxA2–PAGFP. Cells were fixed with paraformaldehyde and 
stained with antibodies against GFP (for AnxA2–PAGFP) and the FLAG-epitope (for tau). Close-ups of the tips of processes are shown on the right. Note that 
AnxA2–PAGFP showed an enrichment at the tip of neurites similar to endogenous AnxA2. Wt tau colocalized with AnxA2–PAGFP at the tip while R406W 
tau was absent (arrowheads). Bar, 10 µm. (C) Retention of AnxA2–PAGFP at the tip of neuronally differentiated PC12 cells stably expressing FLAG-tagged 
wt tau, R406W tau, or control cells. Note the increased retention of AnxA2–PAGFP* in wt tau, but not in R406W tau–expressing cells or control cells. 
Values are shown as mean ± SEM (error bars). ***, P < 0.001; *, P < 0.05 (n = 6–27). Experiments were performed with the 352 tau isoform.
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objective lens on a fluorescence microscope (Eclipse TE2000-U; Nikon) 
equipped with a digital camera (COOL-1300; Vosskühler). Image analysis 
used the program Lucia G version 4.60 (Nikon).

Photoactivation and live imaging
Live imaging was performed on a laser scanning microscope (Eclipse 
TE2000-U inverted; Nikon) equipped with argon (488 nm), helium/neon  
(543 nm) and blue diode (405 nm) lasers. PAGFP-expressing cells were visual-
ized with a Fluor 60× (NA 1.4) UV-corrected (VC) objective lens. The micro-
scope was enclosed in an incubation chamber maintained at 37°C and 5% 
CO2 (Solent Scientific Limited). Automated image acquisition after photo-
activation was essentially performed as described previously (Weissmann  
et al., 2009). Photoactivation was performed with the blue diode producing 
an activation spot 5 µm in diameter. Frames were obtained at a frequency 
of 1 frame/s or 1 frame/12 s, and 112 frames were collected per experi-
ment. Standard series were collected at a resolution of 256 × 256 pixels. 
For higher resolution imaging, images were collected at 512 × 512 pixels 
with a frame frequency of one frame every 3 s. Live cell imaging of EGFP-
expressing cell lines was performed by acquiring images of single cells at a 
resolution of 512 × 512 pixels at 488 nm. Cells were relocated at different 
days with the help of gridded incubation chambers. Determination of process 
numbers and length was performed using EZ-C1 software (Nikon).

Image analysis and modeling
Image analysis of photoactivation experiments was performed essentially 
as described previously (Weissmann et al., 2009). To provide a visual rep-
resentation of the distribution over time, data were plotted as a color-coded 
filled contour plot of 2D intensity function. To compare the distribution of 
different constructs, It/Itot from the fluorescence intensity at time t after acti-
vation in the activated segment and the fluorescence signal from total 
photoactivation were determined. This value reflects the immobile fraction 
of the activated population in the activated segment at time t. Effective dif-
fusion coefficients were determined by using a diffusion model solving 
Fick’s second diffusion equation and fitting the data from the photoactiva-
tion experiments as described previously (Weissmann et al., 2009).

shRNA treatment of cultures
PC12 cells stably expressing PAGFP-wt tau or R406W tau were plated on 
35-mm dishes. After 24 h, medium was exchanged to serum-DME contain-
ing 5 µg/ml hexadimethrine bromide to neutralize charge interactions and 
to increase binding between the pseudoviral capsid and the cellular mem-
brane. Lentiviral particles coding for AnxA2 shRNA or a scrambled shRNA 
sequence as a control (Santa Cruz Biotechnology, Inc.) were thawed at 
room temperature, gently mixed before use, and added to the culture. 
After overnight exposure at 37°C and 5% CO2, medium was exchanged 
against serum-DME. Tau-expressing stable lines were additionally treated 
with 250 µg/ml Geneticin. To select stable clones expressing the AnxA2 
shRNA or the control shRNA, cells were split on the next day 1:4 and 
incubated for another 24 h in serum-DME. Selection was performed with 
5 µg/ml puromycin dihydrochloride (Acros Organics). Medium was re-
placed with fresh Geneticin- and puromycin-containing medium every 3–4 d. 
6 d after infection, NGF treatment with 100 ng/ml 7S mouse NGF was 
started and continued for 4 d. Cells were analyzed 10 d after infection. 
For immunoblotting, cell lysate was prepared in RIPA buffer (50 mM Tris-
HCl, 150 mM NaCl, 2 mM EDTA, 1% NP-40, 0.5% deoxycholate, and 
0.1% SDS, pH 8.0) containing protease inhibitors (1 mM PMSF, 10 µg/ml 
leupeptin, 10 µg/ml pepstatin, and 1 mM EGTA).

Microsphere separation of the membrane cortex
Microsphere separation of the neural membrane cortex was performed 
from PC12 cells stably expressing wt tau or R406W tau as described 
previously (Maas et al., 2000). PC12 cells stably transfected with FLAG-wt 
tau or FLAG-R406W tau were surface labeled with sulfosuccinimidyl 
2-(biotinamido)ethyl-1,3-dithiopropionate (Pierce) and incubated with 
streptavidin-coated microspheres. Cellular homogenates were prepared by 
freeze-thawing the scraped-off cells in a separation buffer (0.25 M sucrose 
containing 1 mM ATP, 1 mM MgCl2, 1 mM EGTA, and protease and phos-
phatase inhibitors), and the plasma membrane/membrane cortex fraction 
(PM) was separated with a magnetic bead attractor. The unbound material 
was separated by ultracentrifugation into an organelle/membrane pellet 
and a cytosol fraction (Fig. 4 A).

TAP and mass spectrometric analyses
A tau expression vector was generated by site-specific recombination 
(Gateway; Invitrogen) of the PCR-amplified 441 tau open reading frame 
into the MoMLV-based vector pZome1 (Cellzome; Euroscarf GmbH). 

Materials and methods
Materials and antibodies
Chemicals were obtained from Sigma-Aldrich, cell culture media and supple-
ments were obtained from Sigma-Aldrich and Invitrogen, and culture flasks, 
plates, and dishes from were obtained from Thermo Fisher Scientific, unless 
stated otherwise. The following antibodies were used. Phosphorylation- 
independent human tau antibodies: Tau-5 (mouse; BD) and anti-tau (rabbit; 
Synaptic Systems GmbH). Phosphorylation-dependent tau antibodies: 
AT270 (Thr-181, mouse; Pierce), pT205 (Thr-205, rabbit; Invitrogen), 
pT212 (Thr-212, rabbit; Invitrogen), p214 (Ser-214, rabbit; Invitrogen), 
pS262 (Ser-262, rabbit; Invitrogen), PHF1 (mouse; a generous gift of  
P. Davies, Albert Einstein College of Medicine, Bronx, NY), and Tau-1 (mouse; 
a generous gift of L. Binder, Northwestern University, Chicago, IL). Also 
used were anti-GFP (rabbit; Invitrogen), anti-FLAG (M5), anti-tubulin (mouse, 
DM1A; rat, YL1/2), anti-acetylated tubulin (mouse; 6-11B-1), anti-actin 
(mouse, JLA20; EMD) and anti-AnxA2 (mouse, annexin II [H-5], Santa Cruz 
Biotechnology; mouse, HH7 [Thiel et al., 1992]). As secondary antibodies, 
peroxidase-, Cy3-, and Alexa Fluor 488–conjugated anti–mouse and anti–
rabbit antibodies (Jackson ImmunoResearch Laboratories, Inc.) were used.

Construction of expression vectors, transfections, and lentiviral infections
Eukaryotic expression plasmids for fetal (352 aa) or adult (441 aa) human 
tau with amino-terminally fused FLAG, mRFP, EGFP, and PAGFP tags were 
constructed in pRc/cytomegalovirus (CMV)-based expression vectors (Invit-
rogen) containing a CMV promoter and kanamycin and neomycin resis-
tance genes. PAGFP was constructed from EGFP by changing the codons 
L64F, T65S, V163A, and T203H by site-directed mutagenesis with primers 
as described previously (Patterson and Lippincott-Schwartz, 2002). The 
vector pSETbmRFP was provided by R.Y. Tsien (University of California, 
San Diego, La Jolla, CA). To produce R406W tau constructs, R406 was 
mutated to W by site-directed mutagenesis of the respective codon.  
Annexin A2 amino-terminally fused to PAGFP was cloned into the lentiviral 
vector L26FSy(1.1)GW (provided by P. Osten, Northwestern University, 
Chicago, IL), which contains the neuron-specific promoter Synapsin I 
(Dittgen et al., 2004). Sequences that were introduced by PCR were veri-
fied by DNA sequencing.

Transfections of PC12 cells were performed with Lipofectamine 
2000 (Invitrogen) essentially as described previously (Fath et al., 2002). 
For generation of stable lines, individual clones were selected in the pres-
ence of 500 µg/ml Geneticin, then picked and propagated in serum-DME 
supplemented with 250 µg/ml Geneticin on collagen-coated culture dishes 
as described previously (Brandt et al., 1995). For each construct, several 
independent clonal lines were selected that expressed comparable levels 
of the protein.

For production of lentivirus, human embryonic kidney cells 293FT 
(Invitrogen) were transfected with the expression vector and two helper 
plasmids using TransIT-293 transfection reagent (Mirus Bio LLC). Viral par-
ticles from the supernatant were concentrated by ultracentrifugation and 
used to infect PC12 cells.

Cell culture
PC12 cells were cultured in serum-DME as described previously (Fath  
et al., 2002). For stable lines, 250 µg/ml Geneticin was included in  
the medium. Undifferentiated cells were plated on 35-mm polylysine-  
and collagen-coated glass-bottom culture dishes (MatTek Corporation) at  
103 cells/cm2 and cultured in DME with 1% (vol/vol) serum. Cells were 
flattened by addition of 100 ng/ml 7S mouse NGF (Alomone Laborato-
ries) for 1–2 d. For neuronal differentiation, NGF treatment was extended 
to 4–6 d and the medium was changed every 2–3 d. Before imaging, the 
medium was exchanged against the same medium containing DME with-
out Phenol red. For some experiments, cells were treated with 10 nM 
BAPTA/AM (EMD) for 30 min before imaging.

Primary cortical cultures were prepared from cerebral cortices of 
mouse embryos (day 15–17 of gestation) and cultured as described previ-
ously (Leschik et al., 2007). The cultures were obtained by breeding 
C57BL/6 mice. Cells were plated at 5 × 104 cells/cm2 on polylysine- and 
laminin-coated coverslips.

Immunocytochemistry
Immunocytochemistry after fixation with 4% paraformaldehyde and a com-
bined NP-40 detergent extraction–fixation procedure to reveal cytoskeletal 
association were performed as described previously (Brandt et al., 1995). 
Fluorescence microscopy was performed using a dry 20× (NA 0.45; 
ELWD), an oil-immersion 60× (NA 1.4), and an oil-immersion 100× (NA 1.3) 
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Expression of tau and annexin in yeast
Recombinant 352 and 441 tau variants were expressed with an amino- 
terminal FLAG-tag in the yeast strain DHD5 (Kirchrath et al., 2000) from 
episomal vectors based on YEp352 (2 µm, URA3 → pJJH447) under the 
control of the GAL1/10 promoter. The coding sequence for an AnxA2–
GFP fusion protein was expressed under the control of the constitutive PFK2 
promoter from a vector based on YEplac181 (2 µm, LEU2 → pJJH216). 
Transformants were grown on synthetic minimal media selecting for plas-
mid maintenance and using 2% galactose as a carbon source for high-
level expression of the tau constructs.

GFP pull-down assays
Yeast extracts were prepared from yeast cells expressing recombinant 
GFP–AnxA2 and wt tau or R406W tau (352 and 441) in Ca2+-containing 
lysis buffer (10 mM Tris-HCl, 150 mM NaCl, 0.15% NP-40, and 1 mM 
CaCl2, pH 7.5) by vigorous shaking with glass beads for 7 min at 4°C.  
In all cases, the buffer also contained protease and phosphatase inhibitors  
(1 mM PMSF, 10 µg/ml leupeptin, 10 µg/ml pepstatin, 1 mM sodium ortho-
vanadate, 20 mM sodium fluoride, and 1 mM sodium pyrophosphate). 
GFP-Trap_A beads (ChromoTek) were equilibrated in 500 µl ice-cold  
immunoprecipitation (IP) buffer (10 mM Tris-HCl, 150 mM NaCl, and  
1 mM PMSF, pH 7.5) containing 1 mM CaCl2. Lysates were diluted to 500 µl 
with IP buffer, and 10% were saved (“input” fraction). The remaining lysate 
was incubated with the equilibrated GFP-Trap_A beads by end-over-end 
mixing for 2 h at 4°C. GFP or GFP fusion proteins were pulled-down by 
centrifugation at 2,000 g for 2 min at 4°C. For immunoblot analysis, 50 µl  
of the supernatant were saved (“supernat.” fraction in Fig. 7 B). The pel-
let was washed twice with ice-cold IP buffer, resuspended in 100 µl 2×  
SDS-sample buffer, and boiled for 10 min at 95°C to dissociate the immuno-
complexes from the beads. Beads were collected by centrifugation at 
2,700 g for 2 min at 4°C, and the supernatant was saved (“GFP pull 
down” fraction in Fig. 7 B). For SDS-PAGE, 2% of the lysate (“input” in 
Fig. 7 B) and 10% each of the “supernat.” and “GFP pull down” fraction 
were loaded.

Other methods
Immunoblot analysis and quantification of the blots were performed as de-
scribed previously (Leschik et al., 2007). Data were expressed as means ± 
SEM. Statistical analysis among experimental groups was performed using 
a paired Student’s t test (Origin 7.0) or one-way analysis of variance 
(ANOVA) followed by a post-hoc Bonferroni test. P-values are *, P < 0.05;  
**, P < 0.01; and ***, P < 0.001.
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ABSTRACT 

GAP-43 is a growth-associated phosphoprotein important for regulating the growth state 

of axons during development and regeneration. How an intracellular protein such as 

GAP-43 gets transported down the axon and becomes enriched at its site of action is 

unclear. To visualize GAP-43 distribution and to scrutinize the determinants of its 

trafficking in living cells, we constructed photoactivatable GFP (PAGFP)-tagged GAP-43 

fusion proteins and expressed them in neuron-like PC12 cells. We found that 

phosphorylation of GAP-43 at the PKC-site Ser41 determines the extent of plasma 

membrane association. GAP-43 accumulates in the growth cone with a half life (t1/2) of 

~8 min. GAP-43 phosphomutants that either completely associate with the plasma 

membrane (GAP-43S41D) or are exclusively cytosolic (GAP-43S41A) exhibit reduced 

growth cone enrichment. Low concentrations of DMSO increase membrane association 

and abolish accumulation of GAP-43 in the growth cone. To test for the presence of 

additional mechanisms, flux analysis was performed. GAP-43 shows a proximo-distal 

flux that is inhibited by treatment with the anterograde protein transport inhibitor 

brefeldin A and methyl--cyclodextrin, which disrupts rafts. The data indicate that 

trafficking and enrichment of GAP-43 in the tip of processes follows a dynamic exchange 

mechanism where GAP-43 is present in a plasma membrane-bound, a free cytosolic and a 

vesicle-bound fraction with fast phosphorylation-induced exchanges between these 

populations. The data suggest that changes in phosphorylation homeostasis at Ser41 

directly affect membrane interaction and by this impair GAP-43 localization in neurons 

during development and disease. 
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INTRODUCTION 

The neuronal growth-associated protein GAP-43 (also known as F1, B-50, GAP-48, 

48K4.5, P-57, pp46, neuromodulin) is upregulated in mammals during the development 

of the CNS and during regeneration in the PNS (Benowitz and Routtenberg, 1997). 

Transgenic mice overexpressing GAP-43 develop aberrant connections, while mice 

bearing GAP-43 null mutation show defects in axonal pathfinding and die shortly after 

birth (Aigner et al., 1995; Strittmatter et al., 1995). Thus, GAP-43 appears to be a key 

player in regulating neurite outgrowth by determining the growth state of neuronal 

processes. 

During neuronal development, GAP-43 is highly enriched in the tips of extending 

neurites, a region termed „growth cone‟ (Skene, 1989). In cultured hippocampal neurons, 

GAP-43 localizes to all growth cones at the initial stage of process formation (Goslin et 

al., 1990). During the development of neuronal polarity, GAP-43 becomes preferentially 

concentrated in the growth cone of the growing axon. During the next days, GAP-43 

distribution progresses proximally from the distal tip until it is distributed throughout the 

whole axon. The mechanism and molecular determinants, which guide the distribution 

and dissipation of GAP-43 in the axon during development and regeneration, are a matter 

of debate. Temporal and local regulation of phosphorylation may play an important role 

since a phosphorylation gradient exists in developing axons (Mandell and Banker, 1996), 

and GAP-43 is subject to phosphorylation by several kinases including protein kinase C 

(PKC), casein kinase II, and proline-directed kinases (Apel et al., 1990; Apel et al., 1991; 

Taniguchi et al., 1994). 

With respect to a regulatory role, phosphorylation of GAP-43 by PKC may be most 

relevant. In vivo, PKC phosphorylation of GAP-43 is enhanced in the distal axon and 

growth cone via the II PKC isoform, where it can be stimulated by extracellular factors 

thereby coupling GAP-43 phosphorylation to neuronal guidance cues (Meiri et al., 1991). 

Phosphorylation of GAP-43 by PKC has also been correlated with synaptic transmission 

since it increases with induction of long term potentiation (LTP) (Lovinger et al., 1986; 

Routtenberg, 1986), which may couple GAP-43 phosphorylation to the strength of a 

synapse. GAP-43 is phosphorylated by PKC at Ser41, which is the only PKC-site and 

which is located in the so called IQ-motif, a region with alpha-helical secondary structure 
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(Coggins and Zwiers, 1989). Phosphorylation at Ser41 disrupts the structure of the IQ-

motif leading to a conformational change of the protein (Trenchi et al., 2009). Ser41 can 

be dephosphorylated by Ca
2+

-independent phosphatases type 1 and 2A and by Ca
2+

- and 

CaM-dependent phosphatase calcineurin, suggesting highly dynamic 

phoshorylation/dephosphorylation cycles of GAP-43. Whether such 

phosphorylation/dephosphorylation cycles occur in cells and what could be their 

functional relevance is not known.  

Phosphorylated GAP-43 appears to represent the functionally active form since it is 

found in growth cones that establish stable contacts with other cells, while 

unphosphorylated GAP-43 is present in retracting growth cones (Dent and Meiri, 1992). 

In agreement, transgenic mice overexpressing pseudophosphorylated GAP-43 show 

enhanced sprouting, while animals with non-phosphorylatable GAP-43 exhibit less 

sprouting (Aigner et al., 1995). Since the activation state of GAP-43 appears to correlate 

with its localization, phosphorylation may directly or indirectly influence the intracellular 

distribution of GAP-43. Indeed, phosphorylation at Ser41 affects the association of GAP-

43 with the membrane skeleton (Meiri et al., 1996), however the relevance of this 

interaction for regulating GAP-43 trafficking remains to be shown.  

The first ten amino acids, which are encoded by exon 1 are important for membrane 

binding of GAP-43. Within this region, Cys3 and Cys4 are crucial and undergo 

reversible, covalent addition of palmitic acid (Skene, 1989). Mutation of Cys3 and Cys4 

prevent membrane binding (Zuber et al., 1989). At steady state, most of the GAP-43 is 

depalmitoylated but still membrane-associated, which indicates that the palmitate chains 

do not serve as permanent membrane anchor (Liang et al., 2002), but may be important 

for targeting to the membrane. GAP-43 is synthesized as a soluble protein on free 

ribosomes in the cell body and becomes palmitoylated and attached to membranes 

posttranslationally (Skene, 1989). How GAP-43 becomes transported and enriched in the 

growth cone and at which steps phosphorylation and membrane association are involved 

is unclear. According to one hypothesis, attachment of GAP-43 to membranes occurs 

rapidly after synthesis in the cell body and membrane-attachment is responsible for 

transport to the growth cone (Widmer and Caroni, 1993). Association may occur in the 

trans-Golgi on membranous vesicles, which are then transported in a kinesin-dependent 
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manner (Aarts et al., 1999). In agreement with this hypothesis, GAP-43 has been 

identified by Western blot analysis of axonal segments of regenerating retinal ganglion 

cells to be part of the fast axonal transport components (Skene and Willard, 1981a, b). 

Alternatively it has been suggested that GAP-43 is transported in its unphosphorylated 

nonmembrane bound form (Meiri et al., 1991; Meiri et al., 1988). In addition, 

accumulation of GAP-43 at rafts/cholesterol-dependent microdomains may contribute to 

its localization (Laux et al., 2000), however the mechanism and at which step raft-binding 

is relevant remains unclear. 

We asked the question how membrane interaction is involved in GAP-43 trafficking and 

enrichment and whether and how membrane interaction is functionally related to 

phosphorylation at Ser41. We constructed photoactivatable GFP (PAGFP)-tagged GAP-

43 and performed live cell imaging after fluorescence photoactivation (FPA), which 

provides a direct method to analyze the dissipation of populations of proteins in living 

cells by visualization of a subset of molecules with high spatio-temporal resolution. In 

addition, we quantified the distribution of phosphorylation-mimicking (S41D) or non-

phosphorylatable (S41A) GAP-43 mutants using a plasma membrane fractionation assay. 

The contribution of transport and the influence of raft association was determined using 

flux analysis in the presence of brefeldin A and methyl--cyclodextrin. The experimental 

data indicate that phosphorylation at Ser41 determines membrane association of GAP-43, 

and that trafficking and enrichment of GAP-43 in the axonal tip follows a dynamic 

exchange mechanism, where GAP-43 is present in a plasma membrane-bound, a free 

cytosolic and a vesicle-bound fraction with fast phosphorylation-induced exchanges 

between these populations. 

 

MATERIALS AND METHODS 

Materials and antibodies: Chemicals and antibodies were purchased from Sigma-

Aldrich (Deisenhofen, Germany) unless stated otherwise. Cell culture media and 

supplements were obtained from Sigma-Aldrich and Invitrogen (Gaithersburg, MD, 

USA), culture flasks, plates and dishes from Thermo Fisher Scientific (Schwerte, 

Germany), and primers were from Biomers (Ulm, Germany) or Thermo Fisher Scientific. 

Brefeldin A was purchased from AppliChem (Darmstadt, Germany). The following 
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antibodies were used: polyclonal anti-GFP (rabbit; Invitrogen), anti-phospho-

neuromodulin rabbit antiserum (Millipore, Billerica, MA), anti-tubulin (DM1A; mouse 

monoclonal), and mouse monoclonal anti-TRF (Invitrogen). In addition, a novel mouse 

monoclonal antibody against total GAP-43 was used, which we had generated using an 

immunological screen against proteins of the membrane skeleton (clone JP91; the 

antibody had been prepared as described in (Piontek et al., 2002). As secondary 

antibodies, anti-rabbit Cy3- and peroxidase-conjugated anti-mouse and anti-rabbit 

antibodies (Jackson ImmunoResearch Laboratories, Inc.) were used. 

 

Construction of CMV expression vectors and transfections: Rat GAP-43 cDNA 

(Karns et al., 1987) was generated by RT-PCR using SuperScript
TM

 One-Step RT-PCR 

Kit (Invitrogen) from RNA extracts of PC12 cells using the following primers (5‟ to 3‟; 

sense primers are listed first): atgctgtgctgtatgagaagaaccaaacag and 

tcaggcatgttcttggtcagcctcggg; for cloning, restriction sites for AfeI and AgeI were added 

using primers cttggggccagcgctatgctgtgctgtatgagaagaacc and 

cttcaccggaccggttcaggcatgttcttggtcagcctc. The resulting PCR product was sequentially cut 

with the respective enzymes (Fermentas, St. Leon-Rot, Germany) and cloned into a 

pRc/CMV-based pPAGFP(A206K)-N1 expression vector containing a CMV promoter 

and kanamycin and neomycin resistance genes. A206K mutation to prevent dimerisation 

of PAGFP was included using cctgagccaccagtccaaactgagcaaagacccc primer (Zhang et al., 

2002). Mutations at Ser41 were included via site-directed mutagenesis using 

gcaaccaaaattcaggctgcgttccgtggacacataacaagg for S41A and 

gcaaccaaaattcaggctgacttccgtggacacataacaagg for S41D. All sequences were confirmed by 

sequencing. To construct pfPAGFP, we used pfEGFP (kindly provided by Dr. Martin 

Korte, Braunschweig) and exchanged the EGFP part against PAGFP from pPAGFP×1-

C1. Transfections of PC12 cells were performed with Lipofectamin 2000 (Invitrogen) 

essentially as described previously (Fath et al., 2002).  

 

Cell culture and drug treatment: PC12 cells were cultured in serum-DMEM as 

described previously (Fath et al., 2002). Undifferentiated cells were plated on 35-mm 

poly-l-lysine- and collagen-coated glass-bottom culture dishes (MatTek Corporation) at 
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1×10
3
 cells/cm

2
 and cultured in DMEM with 1%(v/v) serum. Cells were neuronally 

differentiated by addition of 100 ng/mL 7S mouse NGF (mNGF, Alomone Labs, Munich, 

Germany) for 4-6 days with a medium change every 2–3 days. Before imaging, the 

medium was exchanged against the same medium containing DMEM without Phenol red. 

DMSO treatment was performed using 0.1% DMSO for 1 h. Brefeldin A treatment was 

performed at a final concentration of 5 μg/ml and was added to the culture directly before 

imaging. Methyl-β-cyclodextrin was included at a concentration of 1 mM 30 min before 

imaging started. For washout experiments, cells were incubated with the respective drug 

for 1 h (brefeldin A) and 1.5 h (methyl-β-cyclodextrin) then medium was replaced with 

fresh medium containing mNGF without the drug. After 1 h incubation at 37°C and 10% 

CO2, life imaging was performed. 

 

Immunocytochemistry: Cells were fixed with 4%(w/v) formaldehyde in PBS as 

described previously (Fath et al., 2002) and staining was performed essentially as 

described earlier (Lee and Rook, 1992) in PBS containing 1%(w/v) bovine serum 

albumin using the respective antibodies. 

 

Photoactivation and live imaging: Imaging was performed on a Nikon laser scanning 

microscope (Nikon Eclipse TE2000-U inverted), equipped with a C1 confocal laser 

scanning unit, argon (Ar; 488 nm), Helium/Neon (He/Ne; 543 nm) and blue diode (405 

nm) lasers and EZ-C1 software. Cells were visualized using the 488 nm argon laser line 

and 510–540 nm band-pass emission filter. Microscope objectives used were an oil-

immersion Nikon Plan Fluor 60× (NA: 1.4) UV-corrected (VC) objective. The 

microscope was enclosed in an incubation chamber maintained at 37°C and 5% CO2 

(Solent Scientific Limited). For automated image acquisition, a macro was programmed 

in visual basic in the EZ-C1 software. Images were collected at 256×256 pixels. The 

following steps were performed in a typical photoactivation experiment. A cell was 

selected in the field of view and a “preactivation image” at 488 nm excitation saved. The 

scan window was reduced to an “activation region” and photoactivation was performed 

with the 405 nm blue diode with two scans at a pixel dwell time of 4.08 microseconds 

(corresponding to a total activation time in the spot of 1.1 milliseconds). The scan 
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window was increased to the initial size and the first scan was performed after 1 s with 

the 488 nm laser at lowest practical laser intensity (neutral density filter of 8). Subsequent 

frames were obtained at a frequency of 1 frame/s (short term imaging) or 1 frame/min 

(long term imaging) and 112 frames were collected per experiment. It was verified by 

software tools that no pixels in the initial frames were saturated and movies including the 

“preactivation image” were created in 12-bit format. For high resolution imaging of 

optical slices, z-stacks of living cells were collected at 1024×1024 pixels with a step size 

of 0.5 µm immediately after whole cell activation.  

 

Image analysis: For image analysis, a plug-in for ImageJ was programmed, which 

processed the movies in the following way. To monitor retention of fluorescence in 

activated regions, the “activation spot” was marked by a square with a 13 pixel diameter 

(“region of interest” ROI) in the first frame. The pixel density in the ROI was followed 

during all 112 frames and divided by the total fluorescence of the whole frame. The value 

for the first frame was set as 1. Data were plotted as retention of fluorescence in the 

region of activation over time. Additionally, total fluorescence of the whole frame was 

plotted to determine potential photobleaching during the experiment. To monitor 

enrichment at the tip, the ROI was set to the size of the growth cone region in the first 

frame and pixel density was recorded over time. The value for the first frame was set as 

0. Data were plotted as enrichment over time. Flux analysis was performed using a 

program developed in Matlab as described in (Weissmann et al., 2009). Appearance of 

photoactivated molecules was recorded in 5-µm spots 10 µm distal and 10 µm proximal 

from the center of activation.  Effective diffusion coefficients were calculated by using a 

diffusion model solving Fick‟s second diffusion equation and fitting the data from the 

photoactivation experiments as described previously (Weissmann et al., 2009).  

 

Microsphere separation of the plasma membrane: Microsphere separation of the 

plasma membrane was performed from PC12 cells based on a method that has been 

described previously (Maas et al., 2000). Cells that had been transiently transfected with 

the respective construct were cultured on a 10-cm cell culture dish, surface labeled with 

sulfosuccinimidyl-2-(biotinamido)ethyl-1,3-dithiopropionate (Pierce, Thermo Scientific, 
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Rockford, IL) and incubated with streptavidin-coated microspheres. Cellular 

homogenates were prepared by freeze-thawing the scraped-off cells in a separation buffer 

(0.25M sucrose containing 1mM ATP, 1mM MgCl2, 1mM EGTA, 1mM PMSF, 10 

µg/ml leupeptin, 10 µg/ml pepstatin, 1 mM sodiumorthovanadate, 20 mM NaF, 1 mM 

sodiumpyrophosphate), and the plasma membrane/membrane cortex fraction was 

separated with a magnetic bead attractor. The unbound material was separated by 

ultracentrifugation into an organelle/membrane pellet and a cytosol fraction (cyt). The 

organelle/membrane pellet was homogenized (five strokes) in 100 mM sodiumcarbonate 

buffer, pH 11.5, to remove peripherally bound proteins (Wiedenmann et al., 1985). After 

incubation for 30 min on ice, the membrane pellet was collected by centrifugation for 1 h 

at 190,000×g and washed in PBS. The final pellet was resuspended in a small volume of 

0.25 M sucrose containing protease inhibitors. Cytosolic fractions were precipitated with 

TCA/DOC (Bensadoun and Weinstein, 1976). 

 

Other methods: SDS polyacrylamide gel electrophoresis, immunoblot analysis and 

quantification of the blots were performed as described previously (Leschik et al., 2007). 

Data were expressed as means ± SEM. Statistical analysis among experimental groups 

was performed using a paired Student‟s t test (Origin 7.0) or one-way analysis of 

variance (ANOVA) followed by a post-hoc Bonferroni test. P-values are *, P < 0.05; **, 

P < 0.01; and ***, P < 0.001. 

 

RESULTS 

GAP-43 is a neuron-specific phosphoprotein that is enriched in the tip of neurites where 

it is thought to regulate the motility of the growth cone. Phosphorylation of GAP-43 at 

Ser41 correlates with the growth state of neurites, appears to functionally activate GAP-

43, and may be involved in GAP-43 trafficking.  

To scrutinize the role of phosphorylation in intracellular trafficking of GAP-43, we 

prepared a panel of constructs in which PAGFP was fused to GAP-43wt, a non 

phosphorylatable GAP-43 (GAP-43S41A), and a phosphorylation-mimicking GAP-43 

(GAP-43S41D). For comparison, we used a cytosolic control (3×PAGFP) and a 

constitutive membrane associated PAGFP (farnesylated PAGFP (fPAGFP)) (Fig. 1A, 
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left). The constructs were expressed in PC12 cells, which provide a well established 

model for differentiating neurons. The GAP-43 fusion proteins separate at an apparent 

molecular weight of ~80 kDa (Fig. 1A, middle, arrowhead). The retarded mobility 

compared to the calculated molecular weight is in agreement with the fact that also GAP-

43 alone separates at higher molecular weights than calculated (Benowitz et al., 1987). 

3×PAGFP separates at an apparent molecular weight of 95 kDa, which makes it 

appropriate as a cytosolic control construct of similar size. fPAGFP separates at 32 kDa 

close to the calculated molecular mass. We did not observe major degradation indicating 

that the constructs are stable within the cells. Endogenous GAP-43 and the GAP-43wt and 

GAP-43S41A fusion proteins were detected by an antibody against GAP-43 (Fig. 1A, right, 

arrow). The antibody did not detect GAP-43S41D suggesting that the mutation abolished 

antibody reactivity. 

To determine the intracellular localization of the different constructs, 

immunocytochemical stainings were performed from PC12 cells that have been 

transiently transfected with the different constructs and have been neuronally 

differentiated (Fig. 1B). All constructs showed a ubiquitous staining pattern, with the 

GAP-43 constructs being clearly present in the tip. We did not observe major 

morphological differences between cells that have been transfected with the different 

GAP-43 constructs as judged by their mean process lengths 6d after transfection 

(40.4±1.5, 43.2±2.2, and 44.4±2.3, for GAP-43wt, GAP-43S41A and GAP-43S41D, 

respectively; Mean±SE, n=134-269 processes from 3-4 independent experiments). 

 

Phosphorylation of GAP-43 at Ser41 determines the extent of plasma membrane 

association 

It has been reported previously using detergent extraction that GAP-43 associates with 

the membrane skeleton dependent on its phosphorylation state (Meiri et al., 1996).  

To analyze the extent of plasma membrane association of GAP-43wt and phosphorylation 

mutants, we determined the distribution of photoactivated GAP-43-PAGFP (GAP-43- 

PAGFP*) constructs in single focal planes of living transfected PC12 cells by confocal 

laser scanning microscopy (cLSM). GAP-43wt and GAP-43S41D showed a clear 

enrichment at the periphery indicative for association with the plasma membrane whereas 

3 RESULTS

A. Gauthier-Kemper 71



GAP-43S41A was mostly cytosolic (Fig. 2 A). To quantify peripheral association, cell 

fractionations were performed to enrich plasma membranes together with proteins of the 

associated membrane cortex using a previously described protocol that is based on 

magnetic sphere separation of surface-biotinylated cells (Fig 2B, left; (Gauthier-Kemper 

et al., 2011; Maas et al., 2000)). The plasma membrane/membrane cortex fraction was 

further separated by a high-pH wash (mw) to selectively remove peripherally bound 

proteins (Wiedenmann et al., 1985). As expected, a plasma membrane marker (transferrin 

receptor; TFR) was exclusively present in the plasma membrane (pm) fraction, while 

tubulin, which behaves under the conditions of fractionation as a cytosolic protein, was 

mostly present in the cytosol (cyt). A small portion of tubulin was also present in the pm 

fraction, which probably reflects the presence of lipid-modified tubulin as reported earlier 

(Wolff, 2009) (Fig. 2B, right). About half of GAP-43wt-PAGFP (53%) was present in the 

plasma membrane fraction while the majority of GAP-43S41D (97%) was membrane 

associated. In contrast, GAP-43S41A was almost completely cytosolic (87%) similar to the 

distribution of tubulin. No GAP-43 was observed in the membrane wash (mw), indicating 

that a potential interaction of GAP-43 with actin was not retained under the conditions of 

fractionation. Thus, the data indicate that pseudophosphorylation of Ser41 causes plasma 

membrane association suggesting that the phosphorylation status of Ser41 determines the 

extent of the association of GAP-43 with the plasma membrane. In agreement, membrane 

associated GAP-43wt was preferentially detected with an antibody that was specific for 

GAP-43 phosphorylated at Ser41 (Phos-GAP-43; 94%). Endogenous GAP-43 exhibited a 

similar distribution between plasma membrane and cytosol that overexpression of 

PAGFP-GAP-43 constructs does not interfere with subcellular distribution. Also with 

endogenous GAP-43, the membrane associated fraction was preferentially 

phosphorylated. 

As a read-out for membrane association in living cells, we performed photoactivation and 

short term imaging in a 5 µm-spot of the cell body (Fig. 2C, top). Fluorescence decay 

was then followed in the activated region for 112 sec. It would be expected that 

membrane association would slow down the dissipation of PAGFP*-fused proteins. In 

agreement, we observed a strong decrease of dissipation of the membrane-associated 

fPAGFP* compared to the cytosolic control (3×PAGFP*) (Fig. 2C, right). Total 
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fluorescence did not decrease with time indicating high photostability of PAGFP*. With 

respect to the GAP-43 constructs, dissipation was fastest with GAP-43S41A-PAGFP* 

consistent with its preferential cytosolic distribution. In contrast, slowest dissipation was 

observed with GAP-43S41D-PAGFP* as would be expected for a mostly membrane-bound 

protein. GAP-43wt-PAGFP* had an intermediate mobility indicating either partial 

association with the membrane or fast exchange between a membrane-bound or a free 

cytosolic state. 

The data indicate that the phosphorylation state of Ser41 determines its extent of plasma 

membrane association which can be directly detected by its mobility in living cells. 

 

Efficient enrichment of GAP-43 in the growth cones requires dynamic membrane 

association 

GAP-43 is enriched in the tip of neurites where it is thought to regulate growth cone 

motility. It is unknown whether regulation of membrane association of GAP-43 is 

responsible for enrichment or whether other mechanisms are involved. 

To follow the fate of GAP-43wt and phosphomutants after synthesis in the cell body, long 

term imaging after photoactivation of the somatic population of the proteins was 

performed. Already 10 minutes after activation, obvious enrichment of GAP-43wt-

PAGFP* in the growth cone was observed (Fig. 3A, top, arrows). Enrichment was even 

more pronounced at 50 and 112 minutes post activation. The non plasma membrane-

associated GAP-43S41A construct was more evenly distributed in the cell and showed 

much less and more transient enrichment between 10 and 50 min after activation (Fig. 

3A, middle). GAP-43S41D showed a clear co-localization with the plasma membrane, but 

did not establish obvious enrichment in the growth cone within the time of imaging (112 

min) (Fig. 3A, bottom). Quantification confirmed that only GAP-43wt showed efficient 

and sustained enrichment in the growth cone region (tip to total fluorescence >1) with a 

half life of ~8 min (Fig. 3B). The results suggest that dynamic interaction of PAGFP*-

GAP-43wt with the plasma membrane is required for efficient enrichment in the growth 

cone.  

It has previously been shown that DMSO has diverse pharmacological effects on lipid 

membranes including making them thinner and increasing their fluidity (Gurtovenko and 
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Anwar, 2007; Notman et al., 2006). To test whether low concentrations of DMSO also 

affect the association of GAP-43 with the plasma membrane, we imaged single focal 

planes of living transfected PC12 cells that have been treated with 0.1% DMSO. In fact, 

we observed enrichment of all GAP-43 constructs in the periphery of the cells indicating 

that even the non plasma membrane associating GAP-43S41A construct exhibits noticeable 

membrane binding in the presence of DMSO (Fig. 4A). Since all constructs bind to the 

membrane in the presence of DMSO, one would expect that dissipation of GAP-43S41A 

and, to a lesser extent, GAP-43wt, decreases and approaches the behavior of the 

membrane associated GAP-43S41D construct after activation of a spot in the cell body. 

Indeed, we observed that DMSO abolished the differences in fluorescence decays after 

photoactivation of the different constructs (Fig. 4B; compare to Fig. 2C). The decay 

curve of GAP-43S41D did not substantially change as a result of DMSO treatment, which 

is expected for a construct that showed also at control conditions almost complete 

association with the plasma membrane. To quantify the differences in dissipation, we 

calculated a “retention value” of the constructs as defined by the fluorescence intensity at 

a fixed time point post activation compared to total activated fluorescence (It/Itot). We 

chose a time point of 10 sec post activation because the difference between the constructs 

was maximal at that time at control conditions (see Fig. 2C). I10/Itot of GAP-43S41A and 

GAP-43S41D were significantly different at control conditions but not in the presence of 

DMSO, where all constructs showed increased retention approaching the value of the 

membrane associated GAP-43 variant (GAP-43S41D). The data confirm that analysis of 

fluorescence decay after activation of a spot in the cell body provides a valid read-out for 

the extent of membrane association in living cells and corroborate that low concentrations 

of DMSO increase membrane binding of soluble proteins and, as a consequence, slow 

down their intracellular mobility. 

To test for the influence of increased membrane association on enrichment of GAP-43wt 

in the growth cone, we performed long term imaging after photoactivation of the somatic 

population of GAP-43wt-PAGFP* as described above, but in the presence of DMSO. We 

observed that DMSO abolished enrichment of GAP-43wt in the growth cone (Fig. 4C). 

The increase of tip fluorescence showed a kinetics closely resembling the membrane-

associated GAP-43S41D mutant (see Fig. 3B).   
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The data indicate that efficient enrichment of GAP-43 in the growth cones requires 

dynamic membrane association, which is regulated by phosphorylation at Ser41. 

 

GAP-43 shows proximo-distal flux consistent with a dynamic exchange mechanism  

To test for the presence of additional mechanisms that may be relevant to enhance GAP-

43 enrichment in long neurites, we performed flux analysis of GAP-43 distribution in 

processes of transfected PC12 cells. GAP-43wt-PAGFP was activated in the middle of 

neurites and appearance of fluorescence was recorded in segments distally and 

proximally flanking the activated region (Fig. 5A, left). We observed that in the majority 

of processes fluorescence was higher in the distally localized segment than in the 

proximal segment. The distal/proximal ratio of fluorescence increased with time and 

approached a ratio of 4 after 25 min indicating the presence of substantial flux in the 

direction of the tip of the process. Only in very few recordings we observed movement of 

vesicle-like structures (data not shown), while in the vast majority of experiments, GAP-

43wt-PAGFP* was enriched at the periphery of the neurites in addition to what appeared 

to be a homogenous distribution in the shaft (Fig. 5B). To test whether nevertheless 

vesicle movement contributes to the distal flux, we treated cells with the drug brefeldin A 

prior to imaging. Brefeldin A inhibits protein secretion at an early step in the secretory 

pathway thus providing a tool to inhibit membrane transport (Klausner et al., 1992). With 

brefeldin A, the distal/proximal ratio of fluorescence decreased with time and was close 

to 1 (i.e., no flux) after 25 min (Fig. 5A middle). The results indicate that anterograde 

vesicle movement, which is blocked by brefeldin A, is required for the flux of GAP-43 to 

the distal process. The data suggest that vesicle movement mediates directed diffusion of 

GAP-43 via a dynamic exchange mechanism during which GAP-43 transiently interacts 

with the outer vesicle membrane but mainly stays associated with the plasma membrane. 

To test whether association with membrane microdomains, known as lipid rafts is 

involved in mediating distal flux, cells were treated with low concentrations (1 mM) of 

the drug methyl--cyclodextrin. At these conditions cholesterol is removed from 

membranes, which is thought to preferentially cause lipid raft disruption (Zidovetzki and 

Levitan, 2007). We observed that flux was completely abolished at all time points after 

methyl--cyclodextrin treatment (Fig. 5A, bottom), suggesting that the presence of 
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cholesterol-containing membrane microdomains is required to mediate directed diffusion 

of GAP-43 in neuronal processes. 

The results suggest that GAP-43 is present in a plasma membrane bound, a free cytosolic 

and a vesicle-bound fraction with dynamic exchange between these populations. To test 

whether such a mechanism enhances enrichment of GAP-43 at growth cones, we 

followed the distribution of GAP-43wt-PAGFP* after photoactivation of the somatic 

population in the presence of brefeldin A or methyl--cyclodextrin. We observed that 

both drugs abolished enrichment of GAP-43 in the growth cone (Fig. 5C). Distal 

enrichment partially recovered after washout of brefeldin A for 1 hr. (enrichment of 

0.92±0.04 (n=8) after washout, compared to 0.32±0.01 (n=16) with brefeldin A). No 

recovery was observed after washout of methyl--cyclodextrin, which suggests that 

cholesterol cannot be easily replaced in the time frame of the experiments. 

Taken together, the data suggest that efficient enrichment and trafficking of GAP-43 to 

neuronal growth cones requires regulation of membrane association by phosphorylation 

dynamics at Ser41 and directed diffusion in neurites mediated by a dynamic exchange 

mechanism. 

 

DISCUSSION 

The neuronal growth associated phosphoprotein GAP-43 has a critical role in regulating 

growth cone dynamics during development and regeneration. An important question is 

how GAP-43 becomes localized to the site of action and by which mechanisms its 

distribution is regulated.  

GAP-43 is a cytosolic protein that is synthesized on free ribosomes in the neuronal cell 

body. Previously it has been suggested that posttranslational attachment to membranes is 

responsible for rapid transport down the axon and subsequent accumulation at the growth 

cone or nerve terminal (Widmer and Caroni, 1993). In support of such a hypothesis, 

GAP-43 has been identified by biochemical analysis in fast axonal transport components 

(Skene and Virág, 1989) and GFP-tagged GAP-43 has been visualized at tubulovesicular 

organelles, which undergo net anterograde transport in axons of cultured DRG neurons 

(Nakata et al., 1998). In accordance, suppression of kinesin expression using antisense 

oligonucleotides in hippocampal neurons shifted the distribution of GAP-43 and the 
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synaptic vesicle marker synapsin 1 towards the cell body and reduced neurite length 

(Ferreira et al., 1992). 

In contrast to what would be expected from a fast axonal transport mechanism, 

immunofluorescence stainings of endogenous GAP-43 or transfected GAP-43 show 

homogenous distribution with enrichment at the plasma membrane and little evidence for 

association with organelles ((Piontek et al., 2002) and this study). Also ultrastructural 

analysis of immunogold-labeled stage 3 hippocampal neurons has revealed that the vast 

majority of GAP-43 is present at the plasma membrane in the cell body and the axon 

shaft (Van Lookeren Campagne et al., 1992). Only occasionally, vesicle associated GAP-

43 has been observed. Consistent with these observations, it has been previously 

suggested that GAP-43 is transported in a non membrane-bound form (Meiri et al., 1991; 

Meiri et al., 1988). 

Fluorescence photoactivation allows direct visualization of the dissipation and dynamics 

of GAP-43 distribution in living neurons and permits to distinguish between these 

hypotheses. Based on our data we propose that GAP-43 is present in a plasma membrane-

bound, a free cytosolic and a vesicle-bound fraction with fast exchange between these 

populations (Figure 6). In short processes, dynamic interaction with the plasma 

membrane suffices to cause distal enrichment and vesicle-association is dispensable. 

Directed diffusion of GAP-43 contributes to efficient enrichment, which occurs by a 

mechanism where only small fractions of GAP-43 need to be associated with transported 

vesicles at any given time point. Such a “dynamic exchange mechanism” provides an 

attractive explanation for all three observations, (1) GAP-43 being a component of fast 

axonal transport by biochemical analysis, (2) GAP-43 being mostly associated with the 

plasma membrane fraction, and (3) GAP-43 also being a diffusible protein present in the 

cytosol. It is also in complete accordance with our results, that (a) abolishing dynamic 

exchange using GAP-43 mutants that either completely associate with the plasma 

membrane (GAP-43S41D) or are exclusively cytosolic (GAP-43S41A) suppresses 

enrichment at the growth cone, (b) increasing the extent of membrane association with 

DMSO suppresses GAP-43 enrichment, and (c) blocking membrane transport with 

brefeldin A abolishes distal flux of GAP-43. Furthermore, we have shown that treatment 

with methyl--cyclodextrin at conditions that deplete plasma membranes from 
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cholesterol blocks distal flux suggesting that interaction of GAP-43 with lipid rafts is 

required for dynamic exchange. 

It has been shown that PKC phosphorylates GAP-43 at Ser41. Phosphorylation by PKC 

can be stimulated by chemotrophic factors and cell adhesion molecules (Meiri et al., 

1991). In turn, Ser41 can be dephosphorylated by Ca
2+

-independent phosphatases type 1 

and 2A and by Ca
2+

- and CaM-dependent phosphatase calcineurin. This suggests that 

GAP-43 is dynamically phosphorylated and dephosphorylated during neuronal 

development. In addition, phosphorylation of GAP-43 has been correlated with LTP of 

synaptic transmission (Lovinger et al., 1986; Routtenberg, 1986) indicating that GAP-43 

also undergoes dynamic phosphorylation-dephosphorylation cycles in established 

neuronal networks as a result of neuronal activity. We have shown that phosphorylation 

at Ser41 determines the extent of membrane association. The vast majority of membrane-

associated GAP-43 was phosphorylated at Ser41 and pseudophosphorylated GAP-43S41D 

was highly enriched in the plasma membrane fraction. In turn, a non phosphorylatable 

GAP-43 mutant (GAP-43S41A) was almost exclusively cytosolic. Thus, the 

phosphorylation-dephosposphorylation cycles of GAP-43 consequently lead to 

continuous membrane association-dissociation cycles, which provide the basis for the 

“dynamic exchange mechanism” which we propose for efficient trafficking and 

enrichment of GAP-43. How phosphorylation affects membrane association is a matter of 

debate. Phosphorylation of Ser41 is known to affect binding of the IQ motif of GAP-43 

to calmodulin (Chapman et al., 1991; Coggins and Zwiers, 1989). Phosphorylation of 

Ser41 induces release of calmodulin which may permit membrane association, while 

dephosphorylation induces calmodulin binding and release from the membrane. 

Phosphorylation-dephosphorylation dynamics of GAP-43 could also be affected by the 

localization of the relevant kinases and phosphatases. E.g., phosphatases 1 and 2A are 

associated with the membrane and are therefore suitably positioned to dephosphorylate 

membrane-associated GAP-43 at Ser41. PKC can be cytosolic or membrane-associated 

dependent on the isoform or its activation state (Akers et al., 1986) thereby leading to a 

phosphorylation of cytosolic GAP-43 to direct it back to the membrane or preventing 

dissociation of GAP-43 from the membrane by quickly rephosphorylating it.  
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Disturbance of phosphorylation dynamics at Ser41 during development and disease may 

critically affect GAP-43 trafficking and distribution by influencing the interaction of 

GAP-43 with membranes. During aging and in several neurodegenerative diseases, 

translocation of PKC appears to be impaired (Pascale et al., 2007). E.g., the level of PKC 

is decreased by 50% in particulate (i.e., putatively membranous) fractions of Alzheimer‟s 

disease (AD) versus control brains (Cole et al., 1988). This may explain why membrane-

associated GAP-43 is reduced in regions of degeneration in AD patients (Martzen et al., 

1993). In addition, reactive events of neuroplasticity have been reported in AD and other 

neurodegenerative diseases, which may lead to increased GAP-43 expression. This is in 

agreement with findings that GAP-43 is increased in hippocampus of AD patients (Rekart 

et al., 2004) and the levels of GAP-43 in the cerebrospinal fluid are higher in AD 

compared to control patients (Sjögren et al., 2001).   
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FIGURE LEGENDS 

Figure 1: Expression of PAGFP-tagged GAP-43 and control constructs in neuronally 

differentiated PC12 cells. 

A: Schematic representation of the PAGFP-tagged GAP-43 constructs and fPAGFP and 

3xPAGFP as controls. PAGFP is indicated as a green box, the phosphorylation site 

(Ser41) as a red mark and the lipid modification as a gray mark (GAP-43) or black line 

(fPAGFP). Calculated relative molecular weights are indicated on the right. Immunoblots 

of lysates of PC12 cells transiently transfected with the respective construct. Constructs 

were detected using anti-GFP (left for GAP-43 and right for control constructs) and JP91 

antibody (anti-GAP-43; middle, arrowhead). The GAP-43 constructs separate at higher 

molecular weights than expected. JP91 antibody additionally detects endogenous GAP-43 

(arrow). There is no JP91 positive signal for GAP-43S41D-PAGFP, suggesting that 

mutation of Ser41 to Asp blocks the binding of the antibody. Numbers to the sides of the 

gel blots indicate molecular mass standards in kilodaltons. B: Fluorescence micrographs 

of PC12 cells transiently transfected with the different GAP-43 and control constructs. 

Cells were treated with NGF for 6 days. Proteins were detected using anti-GFP antibody.  

Note the distal enrichment of GAP-43, while controls distribute uniformly. Scale bar, 50 

µm. 

 

Figure 2: Phosphorylation of Ser41 determines the extent of membrane association and 

dissipation in the cell body of neuronally differentiated PC12 cells.  

A: High resolution images of single focal planes of living photoactivated PC12 cells 

expressing the respective construct. Note the enrichment of GAP-43wt-PAGFP and GAP-

43S41D-PAGFP at the periphery and the uniform distribution of GAP-43S41A-PAGFP. 

Scale bar, 10 µm. B: Schematic representation of the plasma membrane fractionation 
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assay to analyze the interaction of the different GAP-43 constructs with the neural plasma 

membrane (left). Immunoblots showing the distribution of PAGFP-tagged GAP-43 

(GFP), Tubulin (tub), transferrin receptor (TFR) in the cytosolic (cyt), membrane wash 

(mw) and plasma membrane (pm) fractions. Note that approximately the same amounts 

of GAP-43wt are present in the cytosolic and plasma membrane fraction, whereas GAP-

43S41A is mainly present in the cytosol and GAP-43S41D in the plasma membrane fraction. 

Detection of GAP-43-PAGFP and endogenous GAP-43 with a Ser41 phosphorylation-

specific antibody indicates that phosphorylated GAP-43 is mainly present in the plasma 

membrane fraction. Numbers to the sides of the gel blots indicate molecular mass 

standards in kilodaltons. C: Time lapse microscopy of a PC12 cell transiently transfected 

with GAP-43wt-PAGFP after fluorescence photoactivation in the cell body. The position 

of photoactivation is indicated by a red circle. Scale bar, 10 µm. Quantification of the 

fluorescence decay in the region of activation of cells expressing GAP-43 (left) or control 

contructs (right) are shown below. The plots represent the fraction of fluorescence 

measured in the activated region (colors) and total fluorescence (black) of cells. 

Dissipation is fastest with GAP-43S41A-PAGFP* consistent with its preferential cytosolic 

distribution similar to 3×PAGFP*. Slowest dissipation is observed with GAP-43S41D-

PAGFP* as would be expected for a mostly membrane-bound protein similar to 

fPAGFP*. GAP-43wt-PAGFP* had an intermediate mobility. Mean ± SEM are shown, n 

= 10-39. 

 

Figure 3: Efficient enrichment of GAP-43 in the growth cones requires dynamic 

membrane association. 

A: Long term imaging of neuronally differentiated PC12 cells, which express GAP-43wt-, 

GAP-43S41A- or GAP-43S41D-PAGFP after photoactivation of the cell body. The region of 

activation is indicated by a red square in the preactivation image. Note the enrichment of 

GAP-43wt in the tips (arrows), which becomes evident 10 min after photoactivation. For 

GAP-43S41A and GAP-43S41D much less and more transient enrichment between 10 and 

50 min after photoactivation (arrows) is observed. Scale bar, 50 µm. B: Fraction of 

fluorescence measured at the tip of n representative processes. Fits (red) indicate the 

fluorescence in the tip compared to total fluorescence for the respective constructs. 
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Enrichment and half life (t1/2) are given in the table below. Quantification confirms that 

only GAP-43wt shows efficient and sustained enrichment in the growth cone region. 

Mean ± SEM are shown. 

 

Figure 4: Treatment with DMSO reduces dissipation of GAP-43 and decreases 

enrichment in the growth cone. 

A: High resolution images of a single focal plane of living photoactivated PC12 cells 

expressing the respective construct after treatment with 0.1% DMSO. Note the 

enrichment of all constructs at the periphery. Scale bar, 10 µm. B: Quantification of the 

fluorescence decay after photoactivation in the cell body after treatment with DMSO. 

Living PC12 cells expressing the respective construct were activated as shown in Fig. 2C. 

The plots represent the fraction of fluorescence measured in the activated region (color) 

and total fluorescence (black). Note that the decay curves are similar for all constructs 

(left). Quantification of the retention 10 seconds after photoactivation are shown at the 

right. At control conditions, retention is significantly lower for GAP-43S41A compared to 

GAP-43S41D. The difference is abolished in the presence of DMSO due to increased 

retention of GAP-43S41A. Mean ± SEM are shown, n=10-14, ***, P < 0.001. C: 

Fluorescence micrograph showing the distribution of GAP-43wt-PAGFP* in a 

differentiated and DMSO-treated PC12 cell 112 min after photoactivation of the cell 

body. Note the reduced enrichment of GAP-43wt in the tip (arrow). Scale bar, 10 µm. 

Fraction of fluorescence measured at the tip of n representative processes is shown at the 

right. Fit (red) indicates the fluorescence in the tip compared to total fluorescence of 

GAP-43wt-PAGFP*. Enrichment and half life (t1/2) are given in the table below. Mean ± 

SEM are shown.  

 

Figure 5: GAP-43 shows proximo-distal flux consistent with a dynamic exchange 

mechanism. 

A: Schematic representation of flux measurement in a neuron-like cell, which was 

activated in the middle of the shaft. The position of activation is indicated by a shaded 

box at position 0. After photoactivation, fluorescence intensity is measured in 5 µm 

regions 10 µm proximal and distal from the position of activation (white boxes). Plots of 
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distal/proximal ratios at three different time points after photoactivation of untreated cells 

(top), and cells, which were treated with brefeldin A (middle) or cyclodextrin (bottom) 

are shown. Note that in untreated cells the distal/proximal ratio increases with time, 

whereas it decreases after treatment with brefeldin A. Presence of cyclodextrin abolishes 

flux. The number of analyzed cells and percentages of cells with distal flux are indicated 

in or below the boxes.  B: Time-lapse microscopic images of a representative PC12 cell 

expressing PAGFP-tagged GAP-43wt after photoactivation in the middle of the neurite. A 

close-up of the process (red box) is shown for time points 1 and 10 seconds after 

photoactivation. Note the enrichment of GAP-43wt at the periphery of the process. Scale 

bar, 5 μm. C: Fraction of fluorescence measured at the tip of n representative processes 

after treatment with brefeldin A (left) and cyclodextrin (right). Fits (red) indicate the 

fluorescence in the tip compared to total fluorescence of GAP-43wt-PAGFP*. Enrichment 

and half time (t1/2) is given in the table below. Note that both brefeldin A and 

cyclodextrin reduce enrichment at the growth cone. Mean ± SEM are shown. 

 

Figure 6: Model showing the mechanism of GAP-43 distribution in axons as revealed by 

our experiments. 

The model shows a close-up of a segment in the middle of an axon and illustrates the 

proposed mechanism for trafficking of GAP-43 to the growth cone. Efficient enrichment 

of GAP-43 (green) at the growth cone requires dynamic membrane association initiated 

by two palmitoyl modifications (orange) in the aminoterminal region of the protein. 

Phosphorylation at Ser41 (P) determines the extent of GAP-43 bound to the plasma 

membrane or to vesicular membranes (blue/yellow). Binding to and dissociation from the 

membranes is described by the equilibrium constant K. Phosphorylated, membrane-

bound GAP-43 shows flux due to transient association with vesicles that are transported 

along microtubules (red). Flux is predominantly towards the tip due to mostly 

anterograde vesicle transport (large gray arrow). Non phosphorylated, unbound GAP-43 

diffuses bidirectionally with D= 2 µm²/s (small gray arrows). DMSO increases membrane 

association, brefeldin A blocks anterograde vesicle transport and cyclodextrin reduces 

association to membranes which all reduces distal enrichment, albeit through distinct 

mechanisms. 
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4 CONCLUSION AND OUTLOOK

4 Conclusion and Outlook

Neuronal loss in selected brain regions, which is associated with an ab-
normal behavior of cytoskeletal proteins or an altered organization of
the cytoskeletal filament network, constitutes a characteristic feature of
many neurodegenerative diseases. Therefore, focusing on analyzing the
dynamics of cytoskeletal proteins under disease-relevant conditions could
provide a better understanding of the cellular mechanisms underlying neu-
rodegeneration. Several techniques, including protein tracking using GFP
variants or photobleaching approaches like FRAP (fluorescence recovery
after photobleaching) or FLIP (fluorescence loss in photobleaching), en-
able studying protein motion, disease-mediated accumulation of mis-
folded proteins or defective intracellular transport mechanisms in living
cells (Waters, 2007; Weissmann and Brandt, 2008; Bakota and Brandt,
2009). Using these approaches, it becomes possible to determine trans-
port rates and apparent diffusion constants of cytoskeletal proteins in
living neurons (Konzack et al., 2007). However, these techniques are
not sensitive enough to determine the motion of a defined subpop-
ulation of molecules in a spatio-temporal manner. The development
of photoactivatable fluorescence proteins (PAFPs) like PAGFP provides
new possibilities to follow the distribution of a molecule subpopulation
in unprecedented sensitivity and over extended time periods. Short ac-
tivation times and hence low phototoxicity are just some advantages of
this approach. Using fluorescence photoactivation (FPA) several subcel-
lular processes, including interlysosomal membrane exchange (Patterson
and Lippincott-Schwartz, 2002) or flux of microtubule subpopulations
(Ferenz and Wadsworth, 2007) have been characterized. In this the-
sis, FPA is used to analyze the molecular dynamics of the microtubule-
associated protein tau and the growth-associated protein GAP-43 in liv-
ing neurons to characterize their function and malfunction during polarity
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formation and neurodegenerative disease. Using FPA, we were able to
analyze several important events, which are occurring within the cell, in
real-time. We determined the subcellular localization and distribution of
proteins along cytoskeletal components, characterized their dissipation,
quantified changes in distribution and protein turnover under disease-
relevant conditions, visualized protein enrichment in specific cell com-
partments, such as the growth cone, and identified protein interaction
partners or other determinants, which regulate dynamics within the cell.

4.1 Determination of the subcellular localization and
dissipation mechanism of tau proteins in living
PC12 cells

The microtubule-associated protein tau plays a major regulatory role in
the organization and integrity of the cytoskeletal network (Shahani and
Brandt, 2002). Using FPA we were able to show that both, direct bind-
ing to microtubules and annexin A2-dependent binding to the membrane
cortex cause trapping of tau at the tip of neurites and regulate tau motion
in living neurons. Using FPA we revealed fast distribution of tau along
microtubules. Shortly after photoactivation tau appears locally bound
and distributes on filamentous structures throughout the cell. Binding
to microtubules mediates reduced dissipation of full-length tau, since a
construct lacking the microtubule-binding region distributes much faster
(Weissmann et al., 2009). Further it was shown that wild type tau is
clearly enriched at the periphery of the neurite indicative for membrane
or membrane cortex association, which is abolished by the FTDP-17
related R406W mutation (Gauthier-Kemper et al., 2011). Thus, FPA
provides a useful tool to analyze not only protein mobility but also the
subcellular distribution and association to cytoskeletal or membranous
components. Using color-coded 2D intensity plots, the movement of the
main peak of fluorescence from the center of activation allowes catego-
rizing the dissipation of tau into diffusion or active directed transport.
Through a direct determination of the distance of dissipation a further
differentiation into fast axonal transport (2-5 µm/second = 173-432
mm/day) or slow axonal transport (1 mm/day) is possible (Vallee and
Bloom, 1991). In case of tau protein, a symmetric distribution in both
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directions from the center of activation is observed, arguing for diffusion
as dissipation mechanism for tau. Thus, we could show that the distri-
bution of tau in neurites is governed by diffusion/reaction as opposed
to active transport/reaction. Using the imaging data, the effective dif-
fusion constant Deff of the microtubule-associated protein tau could be
calculated from the Deff value for tau and the diffusion coefficient of a
non-binding control (3xPAGFP) Df , the amount of microtubule-bound
tau could be calculated from Df/Deff = 1 + K∗ with K∗ as the ratio
of bound to free molecules (Sprague et al., 2004). This was previously
done using FRAP experiments (Konzack et al., 2007). Although FRAP
and FPA appear to give comparable diffusion coefficients for free diffus-
ing molecules, FPA may be the preferable approach, especially for the
analysis of intracellular interactions due to the possibility to use milder
conditions for activation, such as lower energy, which consequently in-
duces lower phototoxicity (Weissmann et al., 2009). This may help to
avoid denaturation and functional impairment of the proteins of interest,
which generally result from the harsh conditions required for FRAP.

4.2 Quantification of changes in the distribution and
protein turnover of tau proteins under disease-
relevant conditions

The ability to directly calculate the amount of microtubule-bound tau
further enables to detect and quantify changes in tau-microtubule inter-
action, which probably occur during disease. For example, experimen-
tally induced disruption of the tau-microtubule interaction by treatment
with colchicine, a drug which disrupts the microtubule array, or taxol, a
drug that suppresses microtubule dynamics and induces detachment of
tau from microtubules (Samsonov et al., 2004), results in an increased
mobility of tau (Weissmann et al., 2009). The data indicate that the tau-
microtubule interaction depicts the major mechanism that restricts tau´s
mobility in neurites. On the other hand, using co-expression of PAGFP-
tagged wild type tau and mRFP-tagged R406W mutated tau, we could
show that both tau variants interact with microtubules in a very similar
manner, suggesting that the R406W mutation does not influence tau´s
interaction with microtubules (Gauthier-Kemper et al., 2011). Several
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neurodegenerative diseases are associated with an aggregation of mis-
folded or pathologically modified proteins (Bakota and Brandt, 2009).
Tauopathies, for example, display a class of neurodegenerative disorders,
which result from the pathological aggregation of tau proteins in the
human brain (Avila, 2000). This aggregation can be caused by specific
mutations in the MAPT gene or tau hyperphosphorylation and is asso-
ciated with detachment of tau from microtubules (Shahani and Brandt,
2002). Changing the phosphorylation pattern of tau protein via treat-
ment of tau-expressing cell lines with the phosphatase-inhibitor ocadeic
acid (OA) or expression of a pseudo-hyperphosphorylated (PHP) tau
construct, which mimics AD-like hyperphosphorylation (Shahani et al.,
2006), enables to measure an increased mobility of tau using the FPA
approach, which suggests that the phosphorylation-state of tau affects
its mobility by regulating tau´s binding to microtubules. The increase
in tau mobility is also visible after treating the cells with preaggregated
Aβ42 peptide, consistent with previous data showing that Aβ mediates
neurotoxicity by increased phosphorylation, which further reduces the
tau-microtubule interaction (Leschik et al., 2007). The data indicate
that FPA can be used to characterize the interaction between proteins
and intracellular structures and to visualize changes occurring at disease-
relevant conditions. Furthermore, Aβ-mediated tau degradation could be
monitored in real-time using FPA, which shows that the FPA approach
could also be a useful tool to measure protein turnover in cells, especially
at disease-relevant conditions.

4.3 Annexin A2 mediates trapping of tau protein at
the tip of neurites

We observed a transient enrichment of tau at the tip of neurites, which
is evident by a local minimum between enrichment and activation zone
in the color-coded 2D intensity plots. The enrichment is mediated by
the aminoterminal projection domain. A deletion construct lacking the
microtubule-binding domain shows the local enrichment even faster than
full-length tau, indicating that microtubule-binding restricts tau´s mo-
bility in neurites (Weissmann et al., 2009). In contrast, the R406W
mutation disables tau´s trapping at the distal neurite. Since the R406W
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mutation also blocks the ability of tau to interact with the membrane
cortex, functional membrane association of tau seems to be sufficient
for distal enrichment (Gauthier-Kemper et al., 2011). This is in agree-
ment with the fact, that isotropic diffusion alone could not explain a
local minimum. Since active anterograde transport could be excluded
for tau (Weissmann et al., 2009), this indicates that the tip of the neu-
rite acts as an adsorber trapping the aminoterminal projection domain
of tau. Using TAP-tag purification, followed by MS annexin A2 (AnxA2)
could be identified as tau interaction partner. The FPA approach allowed
the characterization of the functional interaction between both proteins.
The results indicate that an effective enrichment at the tip involves a
functional interaction of tau with AnxA2 as a membrane-cytoskeleton
linker. In agreement, tau carrying the R406W mutation shows no distal
trapping and does not interact with AnxA2. The collected data are sum-
marized in the following scheme depicting the mechanisms that occur at
the tip of a developing neurite (Figure 4.1). How the tau-AnxA2 inter-
action takes place in detail is not known. It is possible that tau binds to
the core structure or the cytosolic tail region of AnxA2. AnxA2 is able to
form heterotetrameric complexes together with the adaptor protein p11
(Glenney and Tack, 1985), which opens the possibility that AnxA2-p11
heterotetramers recruit tau at the tip of neurites. Vice versa, the AnxA2
binding region within the tau sequence still needs to be identified. Addi-
tionally, it would be interesting to determine, whether other mutations,
which have been observed in FTDP-17 cases such as G272V or P301L,
also influence tau´s interaction with AnxA2.
The tau-AnxA2 interaction provides new potential to solve the complex
mechanisms occurring in the distal axon during neuronal development.
Both, tau and AnxA2 were shown to be upregulated during NGF-induced
differentiation of PC12 cells (Drubin et al., 1988; Schlaepfer and Haigler,
1990; Fox et al., 1991), which would be consistent with an involvement
of both proteins in regulating neurite outgrowth (Fox et al., 1991; Ja-
covina et al., 2001). Furthermore, in a previous study it was already
postulated that microtubule-bound tau interacts with a plasma mem-
brane component, which is localized specifically at the distal axon and
requires actin filaments for its subcellular localization. Both, treatment
of cells with either microtubule-disrupting colchizine or microfilament-
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tau

AnxA2
distal trapping

Figure 4.1: Model of the mechanism of distal trapping of tau at the tip
of neurites.
Along the axon tau dynamically binds to microtubules (red) with its microtubule-
binding region (MBR; black) in the carboxyterminal domain, while its aminoter-
minal region (projection domain; orange, gray) projects from the microtubule
surface to determine the distance between single microtubules and consequently
increase the axon diameter. In the growth cone, the aminoterminal projection
domain of tau binds to AnxA2 (green), causing, together with the microtubule
anchorage, trapping at the distal neurite. AnxA2 binds to the plasma membrane
of the growth cone via its core domain. It is possible that tau interacts with
the core domain of AnxA2 or with its cytosolic tail to link microtubules to the
membrane cortex. The detailed mechanism of the tau-AnxA2 interaction is still
not known.

disrupting cytochalasin, disturbed the distal enrichment of tau showing
that it depends on both, intact microtubules and intact microfilaments
(Kempf et al., 1996). AnxA2 is able to bind and bundle actin in a Ca2+-
dependent manner both as monomer and as complex (Ma et al., 1994;
Hayes et al., 2004). Thus, the tau-annexin-interaction could provide an
intercytoskeletal link between microtubules and microfilaments in growth
cones of developing neurons.
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4.4 Determination of the subcellular localization and
enrichment of GAP-43 at the growth cone in liv-
ing PC12 cells

Another actin-binding protein, which was shown to be enriched in the
growth cone of developing neurites, is the growth associated protein
GAP-43 (Skene, 1989). The molecular determinants of GAP-43 dis-
tribution towards the growth cone are still unclear. Previous studies
suggest partially contrary mechanisms for GAP-43´s distribution down
the axon. In 1993, Widmer and Caroni postulated that efficient at-
tachment of GAP-43, which is initially synthesized as a soluble pro-
tein, to membranes is responsible for its rapid transport down the axon
and subsequent accumulation at growth cones or nerve termini (Widmer
and Caroni, 1993). Using photobleaching experiments with GFP-labeled
GAP-43, expressed in living neurons, Nakata and colleagues postulated
fast axonal transport on tubular vesicles as the distribution mechanism of
GAP-43 (Nakata et al., 1998). Vesicle association of GAP-43 along the
axon was already described earlier in cultured hippocampal neurons (Van
Lookeren Campagne et al., 1992). In contrast, Meiri and colleagues
proposed in several studies that GAP-43 is transported along the axon
in an unphosphorylated nonmembrane bound form (Meiri et al., 1988;
Meiri et al., 1991). Since phosphorylation of GAP-43 at the unique PKC-
site Ser41 correlates with the growth cone state and is also discussed
to affect GAP-43´s association with the membrane skeleton (Dent and
Meiri, 1992; Meiri et al., 1996; He et al., 1997), it was interesting to
know whether and how phosphorylation at this specific site influences the
mechanism of GAP-43 localization in detail. To scrutinize the role of
phosphorylation in intracellular trafficking of GAP-43, the wild type pro-
tein and two Ser41 phosphomutants tagged to PAGFP were transiently
expressed in neuronally differentiated PC12 cells. Using FPA, GAP-43
distribution was visualized in the cells. Non-phosphorylatable GAP-43S41A

distributes completely cytosolic, while GAP-43wt and phosphorylation-
mimicking GAP-43S41D are clearly enriched at the periphery, indicative
for plasma membrane or membrane cortex association. Using the FPA
approach it could be shown that phosphorylation at Ser41 affects the mo-
bility of GAP-43 as a consequence of membrane association. Dissipation
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of GAP-43 correlates with the extent of membrane association, showing
fastest dissipation for the cytosolic construct and slowest for the mem-
brane associated construct. Long term imaging experiments after FPA
reveale that not only dissipation but also efficient enrichment of GAP-43
in the growth cone requires dynamic membrane association, since only
GAP-43wt shows efficient and sustained enrichment in the growth cone
region. Manipulating the extent of membrane association via treatment
of GAP-43 expressing cells with DMSO abolishes the differences in dis-
sipation and the enrichment of GAP-43wt in the growth cone. Thus,
the characteristic enrichment of GAP-43 in the growth cone of neurites
requires dynamic membrane association, which appears to be achieved
by phosphorylation at Ser41.

4.5 Trapping and enrichment of GAP-43 in the growth
cone is mediated by anterograde directed diffusion

In order to test for the presence of additional mechanisms that may be
relevant to mediate growth cone enrichment, we performed flux analy-
sis of GAP-43 distribution in processes of transfected PC12 cells. We
demonstrate that GAP-43wt shows a proximo-distal flux consistent with
directed anterograde diffusion. Distal flux is abolished through treat-
ment with brefeldin A, a drug, which inhibits protein secretion at the
early secretory pathway and thus inhibits membrane transport (Klaus-
ner et al., 1992), suggesting that anterograde diffusion is mediated by
dynamic association with vesicle membranes. Treatment of cells with
methyl-β-cyclodextrin, a drug, which depletes and removes cholesterol
from membranes and thus disrupts microdomains (Zidovetzki and Lev-
itan, 2007), completely abolishes flux, suggesting that also the pres-
ence of cholesterol-containing membrane microdomains is required for
directed anterograde diffusion of GAP-43. The data are summarized in
the following scheme (Figure 4.2) representing the potential molecular
mechanisms for efficient GAP-43 trafficking in a developing neurite.
Thus, trafficking of GAP-43 to the growth cone, followed by enrichment,
requires dynamic membrane-association dependent on phosphorylation at
Ser41 and imbalance in membrane binding and/or phosphorylation could
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Figure 4.2: Model of GAP-43 distribution in axons as revealed by FPA.
The model shows a representative part in the middle of an axon and illustrates
the proposed mechanism for trafficking of GAP-43 to the growth cone. Plasma
membrane and vesicle membrane (blue; yellow) and a microtubule (red) are
indicated. Efficient enrichment of GAP-43 (green) at the growth cone requires
dynamic membrane association initiated by two palmitoyl modifications (or-
ange) in the aminoterminal region of the protein. Phosphorylation at Ser41 (P)
determines the extent of GAP-43 bound to the plasma membrane or to vesic-
ular membranes. Phosphorylated GAP-43 binds to membranes with kon, while
unphosphorylated GAP-43 dissociates from the membranes with koff , which is
describes by the equilibrium constant K and indicated by small blue arrows.
Phosphorylated, membrane bound GAP-43 shows proximo-distal flux consistent
with directed anterograde movement, which is mediated by dynamic vesicle
association (large gray arrow). Unphosphorylated, unbound GAP-43 diffuses
bidirectional with D = 2 µm2/s (small gray arrows).

cause effects on neuronal development and regeneration, which finally
can lead to neurodegenerative disease. In 1993 Martzen and colleagues
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observed an altered phosphorylation pattern of GAP-43 after analyzing
postmortem human brains of AD patients and age-matched controls. AD
brains showed a reduced level of phosphorylated GAP-43 in the mem-
brane compartment in regions with high NFT density. The reduction
was due to a change in GAP-43´s subcellular distribution rather than to
changes in the total GAP-43 level (Martzen et al., 1993). In addition,
also PKC was shown to be affected in AD with less membrane-bound
activity relative to cytosolic activity (Cole et al., 1988). Thus, a reduc-
tion in GAP-43 phosphorylation and consequently a mislocalization of
GAP-43 may contribute to the mechanisms involved in central aspects
of the memory deficits of AD. Taken together, the data indicate that
FPA in combination with computer-assisted image processing, enables
to identify the dissipation and trapping mechanisms of two distinct pro-
teins with different properties and functions. The ability of analyzing two
completely different mechanisms with the same approach, argues for the
diversity implicated in FPA.

Beside PAGFP, several other PAFPs have been developed, including a
group of photoactivatable proteins with red emission (PARFPs) (Piatke-
vich and Verkhusha, 2010). Both, PAFPs and PARFPs can be divided in
several groups according to their mechanism of photoactivation. After ir-
radiation with light of a specific wavelength, some proteins convert from
a lower to a brighter fluorescent state, while others completely change
their spectral emission color. Moreover, photoconversion of the chro-
mophore can be irreversible or reversible. Irreversible photoactivation
occurs via decarboxylation at Glu222 as in case of PAGFP or PSCFP
(photoswitchable cyan fluorescent protein) (van Thor et al., 2002) or
complete backbone breakage, as in case of Kaede-like PAFPs, which
convert from a green to a red fluorescent state after UV-light irradiation
(Mizuno et al., 2003). In case of reversible photoactivation, the molecule
undergoes cis/trans-isomerization after irradiation with light of a spe-
cific wavelength. One example is KFP1 (kindling fluorescent protein-1),
which shows almost no fluorescence in its non-activated trans-state, but
converts to a red fluorescent cis-form in response to irradiation with
intense green light. Irradiation with blue light quenches it back to its
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non-fluorescent form (Chudakov et al., 2003). In contrast to irreversible
photoactivatable probes, reversible PAFPs/PARFPs allow repeated ac-
tivation events and the photolabelling of several subcellular regions one
after another. This is especially useful for high-resolution fluorescence
imaging like STED (stimulated emission depletion) (Hell, 2003) or in
super-resolution microscopy approaches such as PALM (photoactivation
localization microscopy) and accordingly STORM (stochastic optical
reconstruction microscopy) (Betzig et al., 2006; Hess et al., 2006; Rust
et al., 2006). In this context especially monomeric PAFPs and PARFPs
are of particular interest for tracking individual intracellular molecules.
Combination of PAFPs with distinct colors and distinct conversion mech-
anisms further enables to study the dynamics of several proteins si-
multaneously. For example, the green-to-red photoconvertible tdEosFP
paired with the photoswitchable protein Dronpa has successfully applied
to two-color PALM imaging (Shroff et al., 2007). Taken all these as-
pects into consideration, PAFPs provide a useful tool for non-invasive
labeling and tracking of whole cells in a tissue or an organism, cellular
organelles or vesicles, or even single molecules in a living cell in numerous
in vivo applications such as cell tracking during development (Chudakov
et al., 2003), following exchange of organelle content (Patterson and
Lippincott-Schwartz, 2002) or visualizing and tracking of DNA or RNA
dynamics (Shav-Tal et al., 2004).
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6 Abbreviations

Aβ amyloid beta peptide
AIS axonal initial segment
AD Alzheimer´s disease
AnxA2 annexin A2
APP amyloid precursor protein
Arg arginine

Ca2+ Calcium ion
cdk5 cyclin-dependent kinase 5
CNS central nervous system
CP core promotor

D diffusion coefficient
Deff effective diffusion coefficient
Df effective diffusion coefficient of the control
div days in vitro
DMSO dimethyl sulfoxide
DNA desoxyribonucleic acid

F-actin filamentous actin
FLIP fluorescence loss in photobleaching
FPA fluorescence photoactivation
FRAP fluorescence recovery after photobleaching
FTDP-17 frontotemporal dementia and parkinsonism

linked to chromosome 17

GAP-43 growth associated protein 43
GFP green fluorescent protein
Glu glutamate
GSK-3 glycogen synthase kinase 3

His histidine

i.e. that is (latin: id est)
IQ-domain refered to the first two amino acids of the motif:

isoleucine and glutamine

K equilibrium constant
KFP-1 kindling fluorescent protein 1

Lys lysine

MAP microtubule associated protein
MAPT MAP tau gene
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MARK microtubule-affinity regulating kinase
MBR membrane binding region
Mf mobile fraction
mm millimeter
mRFP monomeric red fluorescent protein
mRNA messenger ribonucleic acid
MS mass spectrometry
MT microtubule

N aminoterminal acidic insert in tau sequence
NFT neurofibrillary tangle
NGF nerve growth factor
nm nanometer
nsp neuron-specific promotor

OA ocadeic acid

PAFP photoactivatable fluorescence protein
PAGFP photoactivatable green fluorescent protein
PALM photoactivation localization microscopy
PARFP photoactivatable red fluorescent protein
PAT protein acyl transferase
PC12 pheochromocytoma
PHP pseudo-hyperphosphorylated
PKA protein kinase A
PKC protein kinase C
PSCFP photoswitchable cyan fluorescent protein

R repeat region in tau sequence
RNA ribonucleic acid

s second
Ser serine
shRNA small hairpin ribonucleic acid
STED stimulated emission depletion
STORM stochastic optical reconstruction microscopy

TAP-tag tandem affinity purification tag
Thr threonine

UTR untranslated region
UV ultraviolet

wt wild type

µm micrometer
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Erklärung über die Eigenständigkeit der erbrachten wissenschaftlichen
Leistung

Ich erkläre hiermit, dass ich die vorliegende Arbeit ohne unzulässige Hilfe Drit-
ter und ohne Benutzung anderer als der angegebenen Hilfsmittel angefertigt
habe. Die aus anderen Quellen direkt oder indirekt übernommenen Daten und
Konzepte sind unter Angabe der Quelle gekennzeichnet.
Bei der Auswahl und Auswertung folgenden Materials haben mir die nachste-
hend aufgeführten Personen in der jeweils beschriebenen Weise entgeltlich /
unentgeltlich geholfen.

1. Eigenleistung an der Studie: „Microtubule binding and trapping at
the tip of neurites regulate tau motion in living neurons“.

1.1 Ermittlung der Photostabilität von PAGFP-wt-tau und 3xPAGFP nach Ak-
tivierung im Zellkörper

1.2 Ermittlung der Energieabhängigkeit der Verteilung von PAGFP-∆-Tau durch
Behandlung der Zellen mit Iodacetat

1.3 Durchführung und Analyse der Experimente zur Ermittlung der distalen
Anreicherung von PAGFP-wt-Tau, sowie Ermittlung der mittleren Net-
tobewegung nach Photoaktivierung in der Mitte des Neuriten nach Ver-
längerung der Imaging-Zeit

1.4 Durchführung und Analyse von Experimenten zur Bestimmung der endo-
genen Tau Verteilung in ∆-Tau und wt-Tau exprimierenden differenzierten
PC12 Zellen

1.5 Durchführung der Kontrollexperimente mit 3xPAGFP in Primärkulturen

1.6 Durchführung und Analyse der Verteilung von ∆-Tau und 3xPAGFP nach
Aktivierung in der Mitte des Ausläufers nach Behandlung mit Taxol, sowie
von ∆-Tau nach Behandlund mit Ocadeic Acid und Aβ

1.7 Durchführung und Analyse der Experimente zur Ermittlung der distalen
Anreicherung von ∆-Tau exprimierenden stabilen PC12 Zellen nach Be-
handlung mit Aβ

1.8 Bestimmung des „Protein-Turnovers“ von PAGFP-wt-Tau exprimierenden
PC12 Zellen unter Kontrollbedingungen und nach Behandlung mit Taxol,
Ocadeic Acid und Aβ
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1.9 Mithilfe bei Western Blots

2. Mitarbeiten an der Studie: „The frontotemporal dementia mutation
R406W blocks tau’s interaction with the membrane in an annexin A2-
dependent manner.“

2.1 Im Zusammenhang der oben genannten Studie wurden Live cell Imaging-
Experimente zur Ermittlung der Diffusionskoeffizienten der Tau-Konstrukte
nach Co-Expression von Frau Dr. Carina Weissmann durchgeführt. Des
Weiteren stammen die hochauflösenden Aufnahmen zur Lokalisation bei-
der Proteine von ihr. Außerdem übernahm Frau Weissmann die Klonierung
von 3xPAGFP, welches auch in der unter Punkt 3 aufgeführten Studie Ver-
wendung fand, sowie die Herstellung stabiler PAGFP-Tau exprimierender
PC12 Zelllinien.

2.2 Frau Zsofia Sebö-Lemke übernahm die subzelluläre Fraktionierung der
Tau-Konstrukte.

2.3 Frau Nataliya Golovyashkina ermittelte im Rahmen ihrer Masterarbeit die
Einflüsse beider Tau-Konstrukte auf das Neuritenwachstums.

2.4 TAP-tag Reinigung und Massenspektroskopie zur Identifizierung von An-
nexin A2 als potentiellen Tau-Interaktionspartner wurden unter der Leitung
von Dr. Gerard Drewes durch die Cellzome AG, Heidelberg durchgeführt.

2.5 Die Expression von Tau und Annexin A2 in Hefe wurde in der Abteilung
Genetik der Universität Osnabrück unter der Leitung von Herrn Prof. Dr.
Jürgen J. Heinisch durchgeführt. Außerdem erstellte dieser das lentivirale
AnxA2-PAGFP-Konstrukt.

2.6 Die in dieser Studie verwendeten Konstrukte stammen aus dem Labor von
Herrn Prof. Dr. Roland Brandt und wurden bereits in früheren Studien
beschrieben.

2.7 Frau Tarja Lappeteläinen half bei der Generierung der R406W Mutation,
sowie einigen Zelllinien; Anna-Lena Hilje und Maria Giese halfen bei eini-
gen Western Blots, sowie Immunfluoreszenzfärbungen.

3. Mitarbeiten an der Studie: “Regulation of membrane association by
phosphorylation dynamics at Ser41 determines trafficking of GAP-43 to
neuronal growth cones.”

3.1 Herr Fred Sündermann half bei der Generierung der Plugins zur Auswer-
tung der Fluoreszenzverteilung nach Aktivierung im Zellkörper.
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3.2 Frau Amrei Jänicke half bei Immunfluoreszenzfärbungen, sowie, zusam-
men mit Frau Nina Jödden und Frau Ira Strübing, bei der morphologischen
Auswertung von GAP-43 exprimierenden PC12 Zellen.

Weitere Personen waren an der inhaltlichen materiellen Erstellung der vorliegen-
den Arbeit nicht beteiligt. Insbesondere habe ich hierfür nicht die entgeltliche
Hilfe von Vermittlungs- bzw. Beratungsdiensten (Promotionsberater oder an-
dere Personen) in Anspruch genommen. Niemand hat von mir unmittelbar oder
mittelbar geldwerte Leistungen für Arbeiten erhalten, die im Zusammenhang
mit dem Inhalt der vorgelegten Dissertation stehen.

Die Arbeit wurde bisher weder im In- noch im Ausland in gleicher oder ähn-
licher Form einer anderen Prüfungsbehörde vorgelegt.

(Ort, Datum)
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