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1.1 Intracellular trafficking

The human body is composed of about 10 trillion cells. Cells play important roles; they defend our 

body from germs, ingest our food and make sure we can contract our muscles for movement. They 

are found in many different forms, such as skin, muscle, blood or nerve cells. All these cell types 

widely differ in both shape and function. For instance, nerve cells (also called neurons) are thin and 

long and have to be able to transmit electric signals over long distances. Skin cells on the other hand 

have a very flat shape to protect and cover the surface of our body. 

 Although most of a cell is made up of water, a large proportion of the volume of a cell is made 

up by macromolecules such as proteins and lipids. Proteins are large and complex molecules that 

work together as tiny machines to perform varies cellular processes [1]. An average cell in our body 

is extremely crowded, containing over a billion proteins (Figure 1A). Cells however, have adapted 

various ways to organize this crowded interior. For instance, macromolecules are packed in all sorts 

of membrane-bound organelles that divide the cell into different compartments (Figure 1B). Each 

organelle has specific functions, for instance the nucleus stores the DNA, the endoplasmic reticulum 

synthesizes proteins and lipids and the mitochondria produce energy. To execute all those differ-

ent functions, each organelle also needs a unique composition of proteins and lipids. By actively 

controlling the trafficking of proteins and membrane lipids, the function of these organelles can 

be maintained, and proteins get to their appropriate location, either inside or outside the cell. The 

major intracellular trafficking routes are called the endocytic and secretory (exocytic) pathways [2]. 

While the endocytic pathway takes up various molecules and cellular materials from the environ-

ment, the exocytic pathway targets proteins, lipids and other molecules from their place of synthe-

sis to the plasma membrane, outside the cell or to other organelles.

 So, how are molecules transported from one place to another? How do they end up at the 

right spot inside or outside the cell? Most of the intracellular trafficking is mediated by transport 

carriers, or vesicles; little membrane-enclosed mobile compartments that carry cargo from one 

compartment to another [3]. Proteins and membrane are transported by these carriers via highly 

organized directional routes, either forward (anterograde) in the direction of the plasma membrane 

or backward (retrograde) to the compartment of origin. In the past 20 years great progress has been 

made in understanding the molecular basis of membrane trafficking and last year (2013) the Nobel 

Prize in Medicine was awarded to three scientists, James Rothman, Randy Schekman and Thomas 

Südhof, that jointly discovered how the cell organizes its transport system [4]. Schekman identified 

genes that are critical for vesicle trafficking. Rothman focused on the way these vesicles fuse with 

another membrane compartment to release their content and Südhof looked at vesicle fusion in 

neurons and discovered how cargo can be released in a controlled and precise manner. Together, 

their discoveries helped us to understand how cargo is delivered to the right place at the right time 

and how defects in this system contribute to diseases, such as neurological disorders.
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1.2 Secretory pathway

1.2.1  Endoplasmic reticulum

In animal cells, the secretory pathway is responsible for the proper intracellular distribution of a 

wide range of proteins and lipids. Once synthesized in the cytosol, secretory proteins enter this 

pathway at a specialized organelle called the endoplasmic reticulum (ER). The majority of newly syn-

thesized proteins that are targeted to the secretory pathway contain a signal peptide, a short stretch 

of amino acids usually present at the N-terminus. This signal peptide directs insertion into the ER 

membrane or translocation to the ER lumen and determines the destination to which that protein is 

eventually delivered [5]. After entering, the ER ensures that proteins can access the secretory path-

way in a correctly “folded” conformation, a process that is catalyzed by ER-resident enzymes and 

chaperones [6]. If protein folding or assembly fails, these aberrant proteins are recognized by the 

ER and either rescued or targeted for destruction in the cytosol by the proteasome. This process is 

called ER-associated protein degradation or ERAD [7,8]. The first ERAD step, recognition of the pro-

tein, is mainly performed by molecular chaperones and lectin-like proteins. After recognition, the 

protein has to be moved from the ER to the cytosol via so-called translocation channels. How these 

channels are build up and what exactly the driving force is of protein export is not known. Some 

candidate proteins are Sec61 and Hrd1 (possible channels) and VCP (a possible transporter) [9]. Once 

translocated to the cytosol, proteins enter the ubiquitin-proteasome system (UPS). Degradation by 

the UPS involves two successive steps. First multiple ubiquitin molecules have to be attached to the 

targeted protein and second, this tagged protein is recognized and degraded by the proteasome. 
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Figure 1. Overview of a cell

(A) Illustration showing an example of macromolecule distribution; the transport of a vesicle inside a cell (enlarged by one 

million times). Some of the macromolecules depicted are: motor proteins (yellow), actin and microtubule filaments (blue), 

ribosomes and messenger RNA (pink) and SNARE proteins (green). Modified from [71].

(B) A schematic representation of an animal cell (enlarged 20,000 times). 1: plasma membrane, 2: cytoplasm, 3: nucleolus, 

4: nucleus, 5: ribosome 6: transport vesicle, 7: rough endoplasmic reticulum, 8: Golgi apparatus, 9: smooth endoplasmic 

reticulum, 10: mitochondria, 11: lysosome. 

Modified from: http://en.wikipedia.org/wiki/File:Biological_cell.svg
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 The ERAD plays an important role in the maintenance of ER homeostasis, as well as in the pre-

vention of diseases that can arise when misfolded or unfolded proteins accumulate in the ER. When 

proteins start to accumulate this can give rise to ER stress that in turn can lead to dysfunction and dis-

ease. To alleviate stress, the ER activates the unfolded protein response (UPR), that decreases protein 

translation, increases the folding capacity of the ER and activates the ERAD by up regulating ERAD 

components [10]. Protein misfolding and aggregation play a role in many neurological diseases, such 

as Alzheimer’s disease, Huntington’s disease and amyotrophic lateral sclerosis (ALS). The ERAD is an 

important topic in research on ALS and will be further discussed in Chapter 5 of this thesis.

1.2.2 ER-to-Golgi trafficking

When proteins successfully pass the quality control of the ER, they leave the ER at specialized sites 

called ER exit sites (ERES). At these ER subdomains both luminal and membrane cargo are packaged 

into small vesicles that are created by coat protein complex II (COPII). COPII is recruited to the ERES 

and consists of five proteins; Sar1, Sec23, Sec24, Sec13 and Sec31 that work together in making the 

ER-derived vesicles. Sar1, a GTPase, is the first protein recruited to the ERES. It initiates membrane 

budding and the anchoring of the COPII complex on the membrane. The Sec23-Sec24 complex, 

which interacts with Sar1, assembles the inner coat of the vesicle and selects cargo for packaging 

while the Sec13-Sec31 complex forms the outer coat. When the coat is fully assembled the mem-

brane is separated from the ERES by fission and forms a vesicle that moves cargo towards its next 

station which is, in the case of many proteins, the Golgi apparatus [11,12]. While in yeast and plant 

cells these transport vesicles fuse directly with the Golgi membrane, in animal cells these vesicles 

first pass through another compartment called the ER-Golgi intermediate compartment (ERGIC, 

Figure 2). In these compartments additional sorting can take place, and proteins are transported 

further towards the Golgi or recycle back to the ER membrane. From here on, both retrograde and 

anterograde transport vesicle assembly is regulated by the Arf1 GTPase and the coat assembly com-

plex COPI [13,14]. In Chapter 4 of this thesis, the role of ERGICs in neuronal secretory trafficking will 

be discussed in the context of ALS motor neuron disease. Transport via COPII coated vesicles to 

ERGICs has been very well characterized and many proteins use this classical trafficking route from 

ER to Golgi to be eventually secreted. However, there probably is a substantial number of proteins 

that use non-COPII-coated vesicles to exit the ER and bypass the Golgi [15]. 

 The Golgi consists of a stack of flattened membrane-enclosed compartments or cisternae. The 

cis-Golgi is the part that faces the ERES or ERGIC while the trans-Golgi faces the plasma membrane. 

In these cisternae, proteins and lipids are processed further, and, for example, carbohydrates or 

phosphates are added. In order to progress through the secretory pathway, the transport vesicles 

shed their coat and fuse with the cis-Golgi compartment. This docking and fusion of vesicles is reg-

ulated by the assembly of a SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein 

receptor) complex. SNARE proteins are generally membrane proteins that can bind each other by a 

conserved motif. While some SNAREs are incorporated in the membrane of the vesicle (v-SNAREs), 

others are located in the membrane of a target compartment (t-SNAREs) [16]. The trans-assembly of 

v-SNAREs and t-SNAREs drives the fusion of the vesicle with, in this case, the cis-Golgi membrane. 
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From the Golgi certain proteins are retrieved back to the ER via COPI transport vesicles while pro-

teins destined for other organelles or for secretion are moved from the cis- to the trans-Golgi net-

work (TGN). Scientists have proposed two possible models of this forward movement of proteins 

across the Golgi. In the vesicular transport model, COPI vesicles mediate potein transport between 

Golgi cisternae [17,18]. In a second model, proteins move in a process called cisternal progression in 

which the cisternae themselves move from a cis to a trans position [19,20] . 

1.2.3 Post-Golgi trafficking

Although cargo is already sorted in earlier secretory compartments, the most complex sorting step 

occurs in the TGN, where multiple pathways direct cargo to a range of destinations: the plasma 

membrane, either apical or basolateral, and other specialized compartments. Some of the proteins 

are destined for the lysosomes where digestion of macromolecules takes place. Proteins destined 

for secretion can enter two pathways; the constitutive secretory pathway or the regulated secretory 

pathway [21] (Figure 2). The constitutive secretory pathway is an unregulated default pathway in 

which transport carriers immediately move to the plasma membrane and release their cargo by exo-

cytosis. All cells have a continuous release of certain types of secretory products, usually required 

to maintain the cell membrane. It is believed that many proteins destined for secretory transport 

contain specific sorting signals and in this way become segregated into different domains of the 

TGN. These protein domains become more and more condensed and eventually dissociate from the 

TGN by membrane fission and move to the plasma membrane. At the TGN, protein kinase D (PKD) 

is an essential regulator of secretory transport that is required for the fission of transport carriers 

[22]. Multiple parallel trafficking pathways from the TGN to the plasma membrane appear to exist, 

Figure 2. Pathways of protein traffic 

Correctly folded proteins exit the ER in 

COPII-coated vesicles that fuse with the 

ER-Golgi intermediate compartment 

(ERGIC). Some proteins are retrieved back 

to the ER in COPI-coated vesicles. Other  

proteins pass through the Golgi appara-

tus and arrive at the trans-Golgi network 

(TGN). In the TGN, proteins are selectively 

packed into vesicles that are being secret-

ed constitutively or upon stimulation 

(regulated secretion). Proteins can also 

traffic along the endocytic pathway and 

finally end up in lysosomes. L: lysosome, 

LE: late endosome, SV: synaptic vesicle,  

I: COPI-coated vesicle, II: COPII-coated ves-

icle. Modified from [34].
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that together control the delivery of different proteins to the cell surface. Rab6-positive secretory 

vesicles for instance carry the secretion product neuropeptide Y (NPY). Rab6 is an important regu-

lator in the transport and the fusion of these vesicles with the plasma membrane [23]. Although a 

large number of the components involved in the regulation of TGN to plasma membrane transport 

have been identified (Rab proteins will be further discussed in Chapter 1.4), the exact identity of the 

structure of these carriers, the potential coats and accessory proteins are still under investigation 

[24,25]. When arrived at the plasma membrane, secretory vesicle fusion is regulated by a specialized 

set of proteins, t-and v-SNAREs, as discussed above. 

 Proteins that are not continuously secreted enter the regulated secretory pathway. This path-

way is mainly found in specialized cells that have to rapidly secrete products on demand. Examples 

are for instance beta cells in the pancreas that secrete insulin in response to high blood sugar or 

neurons that have to secrete neurotransmitters upon stimulation. These proteins are packaged in 

the same way as proteins from the constitutive secretory pathway, however, instead of immediate 

secretion these proteins are stored into secretory vesicles that wait for a stimulus before fusing with 

the plasma membrane. In most cases, this stimulus is a chemical messenger that binds a receptor 

present at the cell surface and induces a rise in the cytosolic Ca2+ concentration [2]. This rise triggers 

the fusion of the secretory vesicle with the plasma membrane and the subsequent release of their 

content. 

1.3 Cytoskeleton and motor proteins 

During their journey through the secretory pathway, proteins get sorted into the right vesicles to 

ultimately end up at the right place. Diffusion alone can distribute these vesicles everywhere in the 

cell, but to obtain any kind of specificity, vesicles need to be navigated [26]. To do this, the cell makes 

use of an active transport system consisting of motors and the cytoskeleton. While the cytoskele-

ton organizes the vesicle trafficking, the motors provide directionality and the actual moving force. 

The network used by motors to move on consists of two types of cytoskeleton structures: actin 

filaments and microtubules. Both microtubule and actin filaments are dynamic structures, meaning 

they can grow and shrink. The fast growing end of a filament is called the plus end, while the other 

end is called the minus end [27]. In Chapters 2 and 3 we will provide a more detailed description 

of microtubules and their organization in neurons. The motor proteins that move vesicles along 

these filaments are divided into three classes: kinesins, dyneins and myosins [28]. While myosins use 

actin filaments, both dyneins and kinesins use microtubules to drive transport. Since most kinesins 

walk toward the plus end of microtubules and dynein proteins move toward the minus end, it is 

the organization of the microtubules that will determine the direction of cargo transport. During 

secretory trafficking, vesicles need to be matched with the correct motor to reach their targets. In 

the early secretory steps, transport is dependent on microtubules and microtubule based motors. 

While transport toward the Golgi is mediated by dynein, transport away from the Golgi, back to the 

ER, is mediated by kinesins [29-31]. In later stages, during TGN to plasma membrane trafficking, both 
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the actin and the microtubule cytoskeleton play a role. While kinesin motor proteins make use of 

the microtubules to transport carriers to the plasma membrane, actin and myosin motors facilitate 

the budding and the fusion of these transport carriers [32].

1.4 Regulators of trafficking: Rab GTPases

Although coat proteins, SNAREs and motor proteins are all required for the transition through dis-

tinct trafficking steps, Rab GTPases are considered to be the master regulators of vesicle trafficking 

[33]. Different Rab GTPases function as regulators of distinct steps in membrane traffic pathways 

such as vesicle formation, movement along the cytoskeleton, and membrane fusion. Each vesicle 

or organelle carries a unique combination of Rab proteins, ensuring specificity of intracellular mem-

brane transport. Rab1, 2, 6 and 33 for instance, regulate retrograde and anterograde vesicle trans-

port between the ER and Golgi, while other Rabs such as Rab8, 10 and 14 are implicated in transport 

from the Golgi to the plasma membrane [34]. The function of Rab proteins depends on their confor-

mational change resulting from its association with GDP or GTP. The GDP-bound state is considered 

to be the inactive form while the GTP-bound state is the active form. In order to cycle between these 

two forms other proteins are necessary. Guanine exchange factors (GEFs) catalyze the exchange of 

GDP for GTP while GTPase activating proteins (GAPs) can subsequently inactivate the Rab protein 

[35]. Once Rabs are activated they interact with diverse effectors that carry out the functions that 

are needed at specific trafficking steps. For instance, activated Rab1 interacts with its effector p115, 

resulting in the recruitment of p115 to COPII vesicles and the SNARE-mediated targeting to the Golgi 

membrane [36]. For the proper interaction of vesicles with motor proteins specific adaptor proteins 

are required. For example, dynein interacts via adaptor protein BICD with Rab6-positive secretory 

vesicles [37] and via RILP with Rab7-positive endosomes [38]. Adaptor proteins also play a role in 

other trafficking steps. The COPII coat subunit Sec23 for instance, interacts with the dynactin sub-

unit p150glued, activating dynein-based transport to the ERGIC [39]. In Chapter 8 we focus on the 

adaptor proteins TRAK1 and 2, and their role in mitochondria transport in neurons.

1.5 Trafficking in neurons

Neurons are highly specialized cells that send and receive information to other cells all over the 

body. It is estimated that on average a human brain contains about 100 billion neurons and, on 

average, each neuron is connected to 1000 other neurons. This results in a network of cells that 

can communicate with each other by using both electrical and chemical signals. To develop and 

maintain this huge network and to make communication between these cells possible, neurons 

need a unique structure. Long, branched processes called dendrites and axons extend from the 

cell body of the neurons (Figure 3A) and are used to receive and to send information. Dendrites 

receive signals and carry the information in the form of electrical signals to the cell body. The axon 
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on the other hand typically carries the signal away from the cell body to other cells. To develop 

and to maintain this highly polarized neuron structure, intracellular trafficking events are essential. 

For instance, the development and growth of dendrites and axons is accompanied by an immense 

increase in cell surface area, ending up with a surface area that can be 10.000 times greater than of 

most other cells [40]. One can imagine that trafficking and precise localization of new membrane 

and associated proteins during development is essential for the correct formation of neural net-

works in the brain. In addition, axons and dendrites are further divided into subdomains that have 

specific functions and differ in protein composition, for example the growth cones and the synaptic 

sites. The growth cone is the ending of the axon and guides the axon to its correct target by “sens-

ing” its local environment. The synaptic sites mediate communication and are located at the junc-

tion of two communicating neurons. Signal transmission between synaptic sites is mediated by the 

release of chemical messengers (neurotransmitters) from one neuron and the recognition of these 

neurotransmitters by a second neuron (Figure 3C). Another axonal subdomain is the axon initial 

segment (AIS). In Chapter 9 we discuss this subdomain in more detail and examine the regulation of 

cargo transport in the AIS.

 To maintain the functional difference between these compartments, the secretory pathway 

contributes to the polarized protein distribution [41]. For instance, specialized secretory vesicles 

called synaptic vesicles (SV) fuse with the plasma membrane at synaptic sites to release neurotrans-

mitters to the extracellular space (Figure 3C). Although neurotransmitter release is extensively stud-

ied, we know little about the generation of these secretory vesicles [42]. In many ways the neuronal 

secretory machinery is similar to the secretory pathway in other cells; proteins start their journey 

in the ER and via the Golgi and post-Golgi vesicles move forward to the plasma membrane. As in 

other cells, the ER is continuous within neurons and is present in cell body but also in axons, den-

drites and presumably spines. This allows the local synthesis of proteins, bypassing the somatic ER 

[43]. In some ways, neurons have adapted secretory trafficking mechanisms to their morphologi-

cal requirements. The morphological polarization of a neuron seems to follow the polarization of 

the secretory machinery; the location of the Golgi determines the position of the longest dendrite 

and the preferential delivery of post-Golgi vesicles determines which process becomes the axon. 

In addition to a Golgi apparatus in the cell body, the secretory pathway in neurons contains spe-

cialized Golgi compartments called Golgi outposts that are localized within dendrites (Figure 3B) 

[40,44]. Secretory trafficking in neurons will be discussed in more detail in Chapter 4 and 5 of this 

thesis, here we respectively focus on the ERGIC and Golgi apparatus. The role of motor proteins 

and the cytoskeleton in the polarized trafficking to dendrites and axons will be further discussed in 

Chapters 7, 8 and 9.

1.6 Disruption of intracellular transport

Many diseases develop as a result of trafficking defects. Because vesicles have to be distributed far 

away to distal axons and dendrites, neurons are particularly susceptible. Disruptions of the cytoskel-
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eton, mutations in motor proteins, regulators and adaptors all can lead to impaired neuronal traffick-

ing, resulting in the development of neurodegenerative diseases [45]. As an example, in Chapter 3 

we will provide an overview of mutations in dynein and dynein regulators that are linked to disease.

Neurodegenerative diseases such as Huntington’s, Parkinson’s and Alzheimer’s disease are com-

monly associated with the accumulation of protein. These accumulations can arise due to aberrant 

protein degradation or transport, although it is still rather unclear whether accumulations are the 

cause or the consequence of transport defects. For instance, Huntington’s disease is caused by an 

expanded polyglutamine (polyQ) repeat within the protein huntingtin. Fragments of this mutant 

protein that contain these repeats are aggregation-prone and form intracellular inclusion bodies. 

Alzheimer’s disease is associated with the overproduction and aggregation of amyloid beta peptide. 

Dysregulation in the early trafficking of the amyloid precursor APP is thought to play a central role 

in the generation of these aggregates, although it is still unclear how these aggregates are causally 

linked to Alzheimer’s disease [46,47]. In general, protein aggregates are believed to evoke a variety 

of cellular responses that may initially be protective but ultimately can lead to an aberrant protein 

degradation and subsequent cellular dysfunction or degeneration. Not only can these aggregates 

affect protein degradation, they can also lead to traffic jams in axons and dendrites, slowing down 

or blocking intracellular transport.

1.6.1  Intracellular transport in ALS 

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease causes by the selective degener-

ation of neurons (motor neurons) that innervate the muscles. The cell bodies of these neurons are 

located in the spinal cord or brain stem while their axons project to the muscles that for instance 

control the movement of arms, legs and trunk or control facial expressions. Other motor neurons 

are located in the brain cortex, where they project to neurons in the spinal cord. In ALS patients, the 

degeneration of motor neurons eventually leads to muscle weakness and atrophy. In most cases, 

ALS progresses very rapidly with patients dying within 3 years after diagnosis, usually from respi-

ratory failure. Most ALS cases are considered sporadic (sALS), meaning there is no clear inheritance 

pattern, while approximately 10% of cases are inherited in a dominant matter (familial or fALS) 

[48]. Although almost 20 causative genes have now been identified in ALS, their proposed func-

tions are very diverse and the primary mechanism behind the progressive motor neuron loss there-

fore remains controversial [49]. Multiple defects in several cellular processes have been uncovered 

including oxidative stress, mitochondrial dysfunction, impaired axonal transport, protein misfolding 

and accumulation, abnormal calcium homeostasis, disorganized immune responses and impaired 

energy metabolism [50]. 

 Increasing evidence suggests that dysfunction of proteins in secretory and endocytic organ-

elles and pathways are especially deleterious to motor neurons, due to their extreme asymmetry, 

large volume and extended axon [50]. In both sALS and fALS, abnormalities in the ER are observed 

that may contribute to ALS pathogenesis. In sALS patients, increases in ER-resident enzymes, chap-

erones and ERAD-related proteins are reported while fALS is linked to mutations that lead to misfold-

ing and aggregation of proteins [50]. The best characterized cases of fALS are linked to mutations in 
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the gene encoding for the antioxidant protein SOD1. Mutations trigger misfolding and the intracel-

lular aggregation of SOD1 [51]. How these aggregations eventually cause neuron degeneration is not 

known but misfolded proteins may interfere with the quality control function of the ER, inhibit ERAD 

function or cause an overload of the UPS. 

 Besides aggregation of misfolded proteins, another pathological hallmark of ALS is the frag-

mentation of the Golgi apparatus. This fragmentation refers to the transformation from a network 

of stacked cisternae to a disconnected and dispersed vesicular pattern and is extensively reported in 

sALS patients. Also in fALS, including the SOD1-ALS, Golgi fragmentation is observed [52]. In Chapter 

6 we characterize the pathological significance of Golgi fragmentation and its association with aber-

rant trafficking in ALS motor neurons.

Figure 3. The neuron

(A) Asymmetric growth in cultured hippocampal neurons. When neurons attach they form lamellipodia and shortly after 

the neuron extends several short processes, neurites, which appear identical. The first evidence of polarity occurs when one 

neurite grows rapidly and becomes the axon. Subsequently, the remaining neurites become dendrites that continue to grow 

and branch. In the final step of maturation dendritic protrusions, or spines, appear. 

(B) Polarized secretory trafficking in neurons. The somatic Golgi is polarized towards the longest, apical, dendrite. In neurons, 

ER and ERES are distributed throughout the somatodendritic compartment while a subset of dendrites contains Golgi out-

posts. Adapted from [72].

(C) The synapse. The axon contains synaptic vesicles that can fuse with the membrane upon stimulation, resulting in the 

release of neurotransmitter into the synaptic cleft. Neurotransmitters interact with the receptors on the post-synaptic site, 

resulting in the initiation of an action potential.
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 Vesicle transport is altered in some forms of ALS. The most direct evidence comes from the 

identification of mutations in charged multivesicular body protein 2B (CHMP2B) in a subset of fALS 

patients. CHMP2B is part of a complex known as the ESCRT-III complex and is involved in the endocy-

tosis of proteins that need to be degraded by the lysosome [53]. Mutations in the ALS2 gene encod-

ing alsin are linked to a juvenile-onset ALS. Alsin belongs to the family of the guanine nucleotide 

exchanging factors (GEF) and is involved in regulating endosomal trafficking, although its exact 

function is still unclear [54]. Other evidence supporting the role of impaired endosomal trafficking 

in ALS comes from the Wobbler mouse; the first animal model of motor neuron degeneration. The 

mutation causing the ALS-like phenotype is localized to the gene for vacuole protein sorting 54 

(vps54). Vps54 is a component of the Golgi-associated retrograde protein (GARP) complex which is 

involved in the retrograde transport of endosomes to the trans-Golgi [55]. 

 As indicated previously, microtubule transport and intracellular transport are closely linked. 

The dynein-dynactin complex (see Chapter 3) is essential for retrograde transport of secretory 

vesicles. The dynactin complex provides a link between the transported organelle or vesicle and 

the dynein motor and includes the subunits p150glued and dynamitin/p50. Mutations in the p150 

subunit have been reported in both fALS and sALS patients, and mice expressing mutant dynactin 

develop defects in vesicular trafficking and degeneration of motor neurons [56-58]. Likewise, mice 

with a targeted disruption of dynein, by overexpression of p50, develop a slowly progressive muscle 

weakness, disrupted retrograde transport and motor neuron degeneration [59]. Two other mouse 

models (Loa/Cra1) with mutation in the dynein heavy chain also develop motor weakness and neu-

ron degeneration [60]. In conclusion, in ALS affected motor neurons alterations in almost every step 

of the trafficking pathway can be found. 

1.6.2  VAPB-linked ALS

Mutations in the VAMP-Associated Protein B (VAPB) have been identified in patients with ALS [61]. 

VAPB and its highly homologous family member VAPA were originally identified as binding partners 

of vesicle associated membrane proteins (VAMPs) that are a family of v-SNARE proteins. VAP proteins 

contain an N-terminal domain, called the major sperm protein (MSP) domain, a central coiled-coil 

motif and a C-terminal transmembrane domain that anchors the protein in the ER. The MSP domain 

contains a binding site for the two phenylalanines in an acidic tract (FFAT)-motif that is present in a 

variety of proteins including lipid-binding proteins that function in non-vesicular transfer of lipids 

[62]. In addition, the MSP domain can be cleaved, secreted from neurons and act as a ligand for 

growth cone guidance receptors [63]. VAPs have been implicated in a variety of other processes 

and, given that they localize to one of the secretory organelles, it is not surprising that many of the 

proposed functions involve regulation of the secretory machinery. In mammalian cells, VAP proteins 

were found to be involved in protein trafficking between ER and Golgi, specifically in the regulation 

of COPI-mediated protein transport [64]. In addition, VAP proteins are suggested to specifically affect 

ER-to-Golgi transport of integral membrane proteins, possibly by forming immobile membrane 

domains in the ER where membrane proteins can be sequestered, facilitating COPII-dependent 

transport to the ERGIC [65]. Other work supports a role for VAPB in retrograde transport, delivering 
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nuclear pore components from the ERGIC to the nuclear envelope [66]. VAPB has also been implicat-

ed in other processes, such as ER stress and the UPR [67]. In Chapter 4 of this thesis, we studied the 

role of VAPB in the secretory pathway in neurons and showed that VAPB is required for intracellular 

membrane trafficking into dendrites.

 Missense mutations (P56S and T46I) at the N-terminal region of VAPB have been identified in 

patients with fALS [68]. The P56S missense mutation was mapped in a large white Brazilian family 

with an autosomal dominant fALS (ALS8). The other missense mutation (T46I) has been discovered 

in an independent fALS family. In transfected cells and animal models, the P56S mutation causes 

aggregation of VAPB protein. The P56S mutation causes a change in VAPB protein conformation that 

leads to the formation of aggregates whereby VAPB complexes are still inserted in the ER membrane 

by their C-terminus [69]. In addition, wildtype VAPB gets entrapped in these aggregates by interact-

ing with the transmembrane domains, suggesting that VAPB aggregate formation has a dominant 

negative effect. Alternative hypothesis to explain the pathogenic mechanism of the P56S mutant 

also have been proposed, including gain of toxicity and partial loss of function mechanisms [70]. In 

Chapter 5 we further characterized these aggregates and their relation with the ER.

1.7 Scope of this thesis

This thesis focuses on intracellular trafficking in neurons. First, we focus on transport and sorting 

abnormalities in the disease pathology of ALS, and second, we aim to obtain more fundamental 

insights into the regulation of transport in neurons. 

 In Chapter 2 we discuss the importance of the microtubule organization during neuronal 

development. Chapter 3 gives an overview of disease causing mutations in the motor protein 

dynein and its regulators. In Chapter 4 we use cultured hippocampal neurons to study the role of 

VAPB. We show that together with YIF1A, VAPB plays an important role in the early secretory path-

way in neurons. In Chapter 5 we characterize the protein inclusions that are formed in transgenic 

mice carrying the P56S mutant form of VAPB that causes ALS8. In Chapter 6 we study Golgi fragmen-

tation in an ALS mouse model and show that fragmentation is an early pathological event in ALS 

and is associated with intracellular trafficking abnormalities. In Chapters 7, 8 and 9 we focus on how 

neuronal cargos are sorted between axons and dendrites. Chapter 7 describes the role of molecular 

motors and the microtubule organization in the regulation of polarized transport. Here we show 

that dynein is responsible for targeting cargo specifically to dendrites. In Chapter 8 we studied the 

role of TRAK-adapter proteins in the regulation of mitochondrial transport. In Chapter 9 we study 

the role of dynein and its regulators in controlling cargo trafficking in the axon. We propose that 

dynein excludes somatodendritic cargoes from the axon by bringing them back to the soma. Finally, 

in Chapter 10 we discuss the results described in this thesis in a broader perspective.
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ABSTRACT

The formation of complex nervous systems requires processes that coordinate proliferation, 

migration and differentiation of neuronal cells. The remarkable morphological transformations of 

neurons as they migrate, extend axons and dendrites and establish synaptic connections, imply a 

strictly regulated process of structural organization and dynamic remodeling of the cytoskeleton. 

The centrosome serves as the main cytoskeleton-organizing center in the cell and is the classical 

site of microtubule nucleation and anchoring. Mutations in genes encoding centrosomal proteins 

cause severe neurodevelopmental disorders that lead to several neuropsychiatric diseases, such as 

lissencephaly, microcephaly and schizophrenia. While the centrosome has been considered crucial 

for coordinating neuronal migration and polarization, accumulating experimental findings seem 

to rule out a central role for the centrosome at later stages of neuronal development. Here, we will 

review these observations and discuss the importance of centrosomal and acentrosomal microtu-

bule organization for neuronal development. 
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H1

Centrosomes, Microtubules and neuronal development

InTRoDuCTIon

During neuronal development the neural tube rapidly expands due to cell proliferation, and even-

tually gives rise to progenitor cells that develop into differentiated neurons. The newly generated 

neurons migrate to different parts of the developing brain to self-organize into numerous brain 

structures [1]. Once migrating neurons have reached their final positions, they extend actin-rich filo- 

podia-like structures that give rise to growing neurites. These neurites finally develop into long axons 

and branched dendrites and form synapses during maturation, which allow them to communicate 

with other neurons. The formation of the axon is generally the initial step in breaking the morpho-

logically symmetry of neurons and the beginning of neuronal polarity [2]. The striking morphology 

of neurons, as they migrate and establish their dendritic and axonal arbors, implies a strictly reg-

ulated process of cytoskeletal structuring [3,4]. Therefore, it is not surprising that several neuro-

developmental disorders are caused by deficiencies in cytoskeletal protein-encoding genes [5,6].

 A central component of the cytoskeletal structure in cells is the microtubule array, which has 

the microtubule-organizing center, also called centrosome, at its base (Box 1). Not only provides 

the centrosome a structural foundation for the microtubule array, it also is the major microtubule 

nucleation site and involved in many different cell processes, particularly during cell division, cell 

migration and differentiation [7-10]. The centrosome is a membrane-less organelle typically 1 µm 

in diameter and is one of the cell structures that distinguish prokaryotes (bacteria and archaea) 

from eukaryotic cells (animal and plant cells) [11]. Eukaryotic cells initially have one centrosome, 

consisting of a pair of centrioles surrounded by an amorphous pericentriolar material (PCM) (Box 1). 

During interphase, the centrosome helps to form an astral array of microtubules that participates 

in fundamental cellular functions such as cell motility, cell adhesion and cell polarity [8,10]. In many 

Microtubules are found in all eukaryotic cells 

and are composed of α- and β-tubulin het-

erodimers assembled into linear protofila-

ments that assemble laterally to form a 24 nm 

wide hollow cylinder. These α- and β-tubulin 

heterodimers form the basis of the micro-

tubule polar structure where the β-tubulin 

monomer is pointing towards the fast growing 

or “plus-end” while the α-tubulin is exposed at 

the slower growing end or “minus-end” [100]. 

At the plus-end microtubules undergo rapid 

switches from growth to shrinkage (catastro-

phe) and from shrinkage to growth (rescue), a 

behavior termed dynamic instability. In most 

cell types, microtubule plus-ends grow out 

from the centrosome, where the minus-end of 

the microtubule is stably tethered. 

Centrosomes are composed of two perpen-

dicularly oriented cylindrical centrioles that 

are surrounded by an electron-dense matrix, 

the pericentriolar material (PCM). The minus, 

or slow-growing, ends of microtubules are 

embedded in the PCM and the plus-, or 

fast-growing, ends project outwards into 

BOX 1: Structure and function of the centrosome
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the cytoplasm during interphase, or into the 

spindle apparatus during mitosis [13]. The 

barrel-shaped centrioles are characterized by 

a universal 9-fold radial symmetry and get 

their structure from nine microtubule triplets 

composed of polyglutamylated α-tubulin and 

β-tubulin subunits [109]. These microtubule 

triplets are extremely stable and, unlike the 

rest of the microtubule cytoskeleton, are cold, 

nocodazole and detergent resistant. In most 

species, the centriole is organized around a 

cartwheel that comprises a central hub of 25 

nm in diameter from which the nine micro-

tubule triplets radiate outward. Recent data 

establish that self-assembly of C. elegans 

coiled-coil protein SAS-6 (Spindle ASsembly 

abnormal 6) is at the structural basis of 9-fold 

symmetry of the centrioles [110]. In typical cen-

trosomes, the centrioles are 500 nm in length 

and 200 nm in diameter and are polarized 

along the proximo–distal axis [111]. It is well 

established that the centriole is the central 

organizer of the centrosome - disruption of the 

centrioles results in disassembly of the entire 

centrosome and the number of centrioles 

determines the number of centrosomes [112]. 

Aberrations in centriole structure or function 

are implicated in a number of disease condi-

tions, including ciliopathies, male sterility, pri-

mary microcephaly, and cancer [10].

The two centrioles within the centrosome are 

not identical and differ in their age, structure 

and function. One of them was formed during 

the previous cell cycle (i.e., a ‘young’ daugh-

ter centriole), while the other one originated 

from at least two cell cycles ago (i.e., a ‘older’ 

mother centriole). Only the mother centriole 

contains additional structures such as satel-

lites/appendages that bear specific proteins, 

such as Cenexin/Odf2 and Ninein [113,114], and 

is able to both nucleate and anchor microtu-

bules. In contrast, the daughter centriole can 

nucleate microtubules, however these are 

rapidly released from the centrosome [111]. 

Recent studies demonstrate that the polo-like 

kinase 4 (PLK4/ZYG-1) is a regulatory molecule 

that catalyzes and regulates daughter centri-

ole assembly and duplication. Overexpression 

of PLK4 induces amplification of centrioles in 

Drosophila embryos and their de novo for-

mation in unfertilized eggs [115]. The centri-

olar protein Asterless and human orthologue 

CEP152 are required for the centrosomal load-

ing of PLK4 and centriole duplication [116].

The central role of centrioles is the recruitment 

of PCM which in turn is used to nucleate and 

anchor microtubules [8]. The PCM consists of 

so-called lattice-like filaments and γ-tubulin 

complexes (γTuRCs) [117]. The lattice-like fila-

ments are not able to nucleate microtubules 

but are believed to function as a scaffold for 

additional proteins to bind and to make up 

the PCM. The γ-tubulin complexes, originally 

discovered in Drosophila, consist of γ-tubulin 

and γ-tubulin complex proteins, have approx-

imately the same diameter as microtubule fil-

aments (25-28 nm) and chemically mimic the 

plus-end of a microtubule, allowing nucleat-

ed microtubule polymerization in vitro [118]. 

Remarkably, γ-tubulin is not only found in cen-

trosomes but it also can serve as nucleating 

sites in cells that do not display typical centro-

somes [64]. In plant cells, for example, γ-tu-

bulin complexes are found along the length 

of microtubules where they nucleate new 

microtubule filaments from sides of pre-ex-

ORDER_CWP_MARIJNKUIJPERS_THESIS.indd   24 22-04-14   22:52



25

H1

Centrosomes, Microtubules and neuronal development

cases, building a polarized microtubule array - with microtubule minus-ends concentrated at the 

centrosome and dynamic plus-ends extending towards the cell cortex - is essential for positioning 

organelles and mediating intracellular transport events [12]. In proliferating cells, the centrosome 

duplicates by entering the division cycle and the two newly formed centrosomes participate in the 

assembly and organization of the mitotic spindle [13,14]. For a long time, the central function of 

the centrosome was thought to be organization of the mitotic spindle but it is now clear that the 

spindle can form without a centrosome [15,16]. Although centrosomes are still thought to play an 

important role in centralizing microtubule nucleation – for example during the formation of cilia –,  

it is has been suggested that both centrosomal and acentrosomal pathways co-exist in a large 

majority of the cells. 

 In this review, we will focus on the role of centralized microtubule organization during neuro-

nal development. We will first describe how the centrosome regulates neuronal migration and the 

initial steps of neuronal polarization – e.g. axon specification. Then, we will discuss the importance 

of acentrosomal microtubule organization at later stages of neuronal development.

Centrosome and neuronal migration

The overall process of neuronal migration involves a complex sequence of motile and morphoge-

netic events all driven by actin and microtubule dependent forces [17,18]. There are several ways 

neurons migrate to their final position in the brain, e.g. by tangential or radial migration [19]. In 

the mammalian neocortex, studies have demonstrated that many cortical interneurons - originat-

ing in the anlagen of the basal telencephalon - migrate tangentially to their final cortical destina-

tions [20,21] (Figure 1). Failure to maintain the proper positioning of the centrosome in tangentially 

migrating facial branchiomotor neurons leads to mobility in ectopic directions, suggesting a direct 

isting microtubules [92]. The γ-tubulin com-

plexes are the best investigated mechanism of 

microtubule nucleation in cells, however other 

mechanisms independent of gamma-tubulin 

complex components exist.

A typical mammalian centrosome contains 

hundreds of proteins that are either involved 

in centriolar structure or being localized to 

the PCM [119]. Some are permanently associ-

ated to the centrosome, whereas other appear 

during different stages of the cell cycle [120]. 

Examples of proteins that are permanently 

associated with the centrosome structure are 

for instance γ-tubulin, the γ-tubulin complex 

proteins and centrin, a highly conserved sub-

group of Ca2+-binding proteins [121]. Other 

centrosomal structural proteins identified by 

mass spectrometric analysis include AKAP450, 

pericentrin, ninein, PCM1, ch-TOG protein, 

C-Nap1, Cep250, Cep2, centriole-associated 

protein CEP110, Cep1, centriolin, centrosomal 

P4.1 associated protein (CPAP), CLIP-associat-

ing proteins (CLASP), Lis1, Nudel and many oth-

ers. Several of the centrosomal components 

are directly associated with neuropsychiatric 

disease (Table 1).
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role for centrosomes in regulating directional migration [22]. Cortical pyramidal neurons, on the 

other hand, are generated along the lateral ventricle, known as the ventricular zone and under-

go radial migration along radial glial processes to the developing layers of the neocortex [19]. The 

highly elongated radial glial progenitor cells which extend from the ventricular surface to the outer 

pial surface of the developing cerebra cortex serve as neuronal progenitor cells and, subsequently, 

as guides for neuronal migration (Figure 1). Radial glial cells display interkinetic nuclear oscillation 

and produce predominantly self-renewing radial glial cells and excitatory pyramidal neurons by 

asymmetric cell division in the proliferative ventricular zone [23-25] (Figure 1). Several centrosomal 

components, such as centrosomal protein Cep120, are known to control interkinetic nuclear migra-

tion and neural progenitor self-renewal [26]. Upon division, neurons often display a multipolar mor-

phology before switching to a bipolar morphology. After this transition a membrane protrusion 

– the leading process – is extended. The forward movement of the nucleus and soma follows this 

membrane extension into this leading process and characterizes the individual migratory steps of 

neurons [27]. Most immature neurons undergo axon-dendrite polarization during the migration 

process – where the leading and trailing process each become the axon or the dendrite, depending 

on the cell type [2]. In the neocortex, pyramidal neurons establish their axon-dendrite polarity from 

the polarized emergence of the trailing-leading processes during migration. Here, the cell body 

moves toward its final destination while the axon rapidly elongates and the leading process gives 

rise to the apical dendrite. 

 Migrating neurons undergo major morphological changes that are accompanied by dramatic 

shifts in cytoskeleton structure and centrosome positioning [3]. In most migrating neurons, live-

cell experiments showed the centrosome to be localized ahead of the nucleus, facing the leading 

process [28]. The centrosome is coupled to the nucleus by perinuclear microtubules that form a 

cage-like structure around the nucleus [29]. Centrosome-anchored microtubules also extend out-

ward in the migratory leading process [30,31]. Live-cel imaging furthermore showed that the cen-

trosome first moves into the leading process and serves as a cue for forward displacement of the 

nucleus along the microtubule network [28,30,32]. Functional studies showed that overexpression 

of mPar6 disrupt the perinuclear tubulin cage and inhibits centrosomal motion and neuronal migra-

tion [32]. From these data it is hypothesized that the centrosome functions as a link between the 

microtubule-based pulling forces generated in the leading process and the microtubule network 

surrounding the nucleus. However, recent live-cell imaging data from mouse cerebellar granule 

cells and zebrafish rhombic lip–derived neurons showed that the movement of nucleus and centro-

some occur independently [33,34]. These data exclude the pulling effect of the centrosome as the 

only driving force of nuclear translocation and suggest the existence of a centrosome-independent 

mechanism. This pathway may depend on decentralized microtubule organization and/or the actin 

cytoskeleton [35,36].

 Centrosome positioning in the direction of cell migration and ahead of the nucleus is not 

unique to radially migrating neocortical neurons as it has been observed in other motile cells such 

as endothelial cells, macrophages and astrocytes [37]. Centrosome-dependent nuclear migration 

is observed in Aspergillus nidulans and several nuclear distribution pathways have been identified 
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in this species, in particular genes participating in microtubule minus-end directed motor protein 

dynein regulation [38]. Dynein and several of its regulatory factors, such as Lis1, NudE and NudEL, 

have also been implicated in neuronal migration processes in the neocortex [28]. Patients with lis-

sencephaly (smooth brain) have mutations in the lissencephaly 1 gene (Lis1), which causes defects 

in neuronal migration, severe mental retardation, seizures and death in early childhood (Table 1). 

Dynein or Lis1 knock-down experiments in migrating neurons result in impairment of both nuclear 

and centrosomal translocation, without affecting extension of the leading processes [31]. The cur-

rent model suggests that Lis1 stimulates dynein motor activity and pulls captured microtubules 

and the centrosome into the swellings that appear transiently within the leading process (Figure 1). 

centrosome

dynein

myosin II filaments

microtubule

VZ

SVZ

IZ

CP

1

2

3

a b

Pericentriolar material

Microtubule

γ-TuRC 
Centriole

Figure 1. Model for centrosome positioning during neuronal migration in the cerebral cortex. 

The migration event of radially migrating neurons starts with the duplication of the centrosome (1) and the asymmetric 

division of radial glial cells (dark green), generating post-mitotic neurons (orange). Newly born neurons in the subventricular 

zone first take on a multipolar morphology (2). During this stage the centrosome is positioned at the base of the axon that 

emerges from one of the processes. Subsequently these cells convert into a bipolar morphology with a major migratory 

process in the lead and an axon elongating behind (3) and migrate further to their final destination.

Tangentially migrating interneurons (light green) migrate into the cerebral wall from the medial ganglionic eminence. As 

the neuron migrates the centrosome stabilizes in a rostal swelling which is followed by nuclear movement. Interneurons can 

interact with the radial glial (a) after which the interneuron can exhibit changes in migratory direction, either ascending to 

the cortical plate (CP) or descending to the ventricular zone (VZ) (b).

Enlargement shows the involvement of motor proteins myosin II and dynein in migrating neurons where the centrosome is 

situated ahead of the nucleus. Myosin acts behind the nucleus, where it seems to push the nucleus forward. Dynein acts from 

swellings within the migratory process and from the nuclear surface where it generates a pulling force. Figure on the far right 

shows an enlargement of the centrosome. Microtubules (green) are shown and microtubule plus- end are indicated by green 

arrowheads. Arrows indicate direction of force produced by dynein (red) or myosin (blue).
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Dynein and Lis1 might also act from the nuclear surface and influence nuclear movement by facil-

itating transport along microtubules in minus-end directions (Figure 1). More recent data suggest 

that the nuclear pore complex component RanBP2 directly binds to Bicaudal-D2 and could connect 

dynein to the nuclear envelop [39]. In addition, SUN-domain proteins SUN1 and SUN2, the KASH-do-

main proteins Syne-1/Nesprin-1 and Syne-2/Nesprin-2 are critical factors in connecting dynein to 

the nuclear envelope [40]. Whereas dynein motors are positioned to move the microtubule and 

centrosome forward, recent studies suggest that myosin II also plays a role in nuclear movement 

by acting behind the nucleus and pushing it forward [41,42]. Moreover, myosin II is also found in 

front of the nucleus, probably playing a role in pulling the centrosome and soma forward during 

migration [36]. Myosin II knock-down experiments in migrating neurons showed a complete block 

of nuclear translocation, without affecting centrosome positioning. Thus, a combination of micro-

tubule and actin based forces are most likely responsible for generating the sequential steps of 

nuclear translocation and neuronal cell migration.

Table 1:

Centrosomal proteins associated with brain disorders or syndromes with neurological symptoms

gene Protein Disease/disorder Description protein

ASPM Abnormal spindle- 

like microcephaly- 

associated protein

Autosomal recessive primary micro-

cephaly [122]

Role in spindle pole organization and 

positioning [5]

BBS4 Bardet-Biedl  

protein 4

Bardet-Biedl syndrome [123] Role in anchoring pericentriolar proteins, 

probably by acting as adaptor between 

PCM1 and the dynein-dynactin motor 

complex [124]

CDK5R

AP 

/CEP215

CDK5 regulatory 

subunit-associated 

protein 2/ Centrosomal 

protein 215

Autosomal recessive primary micro-

cephaly [125]

Recruitment and stabilization of PCM at 

the centrioles, role in centrosome matura-

tion and predicted role in regulating MT 

dynamics [5]

CENPJ Centromere  

protein J

Autosomal recessive primary micro-

cephaly [126]

Regulator of centriole biogenesis and 

length, possibly functioning in the 

recruitment of centriolar MTs [5]

CEP290 Centrosomal protein 

290kDa

Meckel-Gruber syndrome [127], 

Bardet-Biedl syndrome [128], 

Senior-Loken syndrome [129]

Leber Congenital Amaurosis [130]

Joubert syndrome [129]

Interacts with several centrosomal and 

ciliary proteins, possible role in cilia 

assembly [131]

DCX Doublecortin Lissencephaly, x-linked [132] MT-associated protein, role in nuclear 

translocation during neuronal migration 

[30]

DISC1 Disrupted-In- 

Schizophrenia 1

Mental and behavioral disorders 

[133]

Interacts with many centrosomal 

proteins, e.g. Nudel, role in neurite out-

growth and neuronal migration [134]
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LIS1 Lissencephaly 1 Classical lissencephaly [135] Regulating MT function and dynein 

motor activity, role in nuclear transloca-

tion during neuronal migration [30]

MCPH1 Microcephalin Autosomal recessive primary micro-

cephaly [136]

Role in DNA damage repair and cell cycle, 

regulation chromosome condensation [5]

OFD1 Oral-facial-digital 

syndrome type I

Joubert syndrome [137]

Oral-facial-digital syndrome type I

Involved in controlling centriole length 

[138]

PARK2 Parkin Parkinson disease [139] Predicted role in stabilizing MTS, role 

in ubiquitination and degradation of 

proteins [140]

PCM1 Pericentriolar material 1 Schizophrenia [141] Important for localization of several 

centrosomal proteins and anchoring 

microtubules to the centrosome [142]

PCNT Pericentrin Microcephalic osteodysplastic 

primordial dwarfism type 2 (MOPD-

II) [143]

Multifunctional scaffold for anchoring a 

wide range of centrosomal proteins e.g. 

γ-tubulin [144]

SPG4 Spastin Hereditary spastic paraplegia [145] Interacts with MTs and displays MT sever-

ing activity, possible role in cytoskeleton 

rearrangements and dynamics [146]

STIL SCL-interrupting locus 

protein

Autosomal recessive primary micro-

cephaly [147]

Role in spindle organization and centriole 

duplication [148]

Centrosome position and axonal specification

During and after neuronal migration, neurons polarize and develop an axon and several dendrites. 

This process has been mainly studied in primary cultures of dissociated rodent hippocampal neu-

rons and postnatal cerebellar granule neurons in which axonal specification closely resembles the 

in vivo situation [43]. Before neuronal polarization, the centrosome is the primary source for micro-

tubule nucleation destined for growing neurites [44]. In cultured cerebellar granule cells, the cen-

trosome is generally localized to the site of axon outgrowth [45] and several reports identified the 

centrosome location as a robust predictor of axonal fate [46]. One idea is that the asymmetrical 

stabilization of microtubules in one specific neurite is established by the centrosome and subse-

quently guides axon specification [47]. This fits with the specific translocation of the kinesin-1 motor 

domain, which coincides with the initial differentiation of the axon [48]. Since the position of the 

centrosome coincides with the localization of the Golgi complex during neuronal development, it 

is also hypothesized that the centrosome has a direct effect on Golgi-derived vesicle trafficking [49]. 

In this model, the centrosome positions the Golgi in front of the future axon and directs polarized 

microtubule-dependent secretory transport [4,47,50]. Indeed, experiments in cultured hippocam-

pal neurons have established that the developing neurite closest to the centrosome / Golgi complex 

is selected to become the axon [46]. These data were complemented by studies in cortical neurons 

in developing mouse embryos [51]. In this study it was shown that disruption of centrosomal activity 

or downregulation of the centriolar satellite protein PCM-1 affects axon formation in the neocortex. 

However, the role of the centrosome in axon specification was recently questioned by both in vitro 
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and in vivo observations suggesting a predominant role for extrinsic guidance cues [33,52]. Studies 

in zebrafish showed that axon outgrowth in neurons from the tegmental hindbrain nuclei occur at 

clear distance from the centrosome [33]. Also, mutant flies lacking the centrosome still develop into 

adulthood with normal axon trajectories [53]. Moreover, in developing retinal ganglion cells in live 

zebrafish embryos the centrosome was found to localize to the part of the migrating cell becoming 

the dendrite [52]. Thus, the role of the centrosome in neuronal polarization remains controversial 

- in contrast to hippocampal and cortical neurons, in several other neuronal cell types the position 

of the centrosome does not predict the site of axon outgrowth. It remains unclear whether the cen-

trosome is directly involved in the control of axon outgrowth or whether its position in some neu-

ronal cell types is the consequence of the polarization process [44]. Further studies are required to 

elucidate the relation between centrosome position, microtubule nucleation, polarized membrane 

transport, axon specification and neuronal polarization. Some biochemical pathways are known 

from studies in primary rat astrocytes that promote polarization of the centrosome [54], - these 

could potentially be used to misposition the centrosome in young neurons and study the influence 

on axon specification.

Centrosome independent microtubule formation in neurons

The centrosome is the major microtubule nucleation site in most animal cells, however microtubule 

nucleation can also occur via centrosome-independent processes [50]. For example, microtubule 

nucleation events were described at the cell periphery far from the centrosome in A498 kidney cell 

lines [55], and cells lacking centrosomes form relatively normal microtubule arrays [56]. A number 

of alternative microtubule organizing structures have been identified in different cell types, includ-

ing the nuclear envelope in myotubes [57], plasma membrane of polarized epithelia [58], mela-

nosomes in pigment cells [59] and Golgi apparatus in retinal pigment epithelial cells [60]. The last 

study demonstrates that microtubule nucleation at the Golgi is independent of the centrosome 

but requires γ-tubulin, suggesting that microtubule nucleating occurs in these cells but is no lon-

ger centralized by the centrosome. The formation of microtubules at the Golgi membrane requires 

the microtubule binding protein CLASP that selectively coats acentrosomal microtubule seeds [60]. 

Interestingly, microtubules nucleated at the peripheral Golgi compartment are preferentially ori-

ented towards the leading edge and can directly control polarized trafficking in motile cells [61], 

similarly to the proposed specific microtubule-dependent membrane traffic pathway during axon 

specification [4,47]. Thus, acentrosomal microtubule nucleation is a common mechanism to setup 

microtubule organizations and is known from yeast, plant and mammalian cells [62]. 

 These observations present the obvious question - does acentrosomal microtubule nucleation 

occur in neuronal cells? Electron microscopy studies have shown that most neuronal microtubules 

in axon and dendrites are not anchored by the centrosome and do not form large centralized micro-

tubule arrays [4,63]. The presence of fully differentiated neurons in Drosophila mutants without cen-

trosomes suggests that neurons can develop independently of centrosomal microtubule nucleation 

[53]. Recent data show that the centrosome loses its function as a microtubule-organizing center 
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in developing hippocampal neurons [64]. This studies shows that after axon specification, neurites 

still extended and regenerated through acentrosomal microtubule nucleation. In addition, axons 

continued to grow after laser ablation of the centrosome in early neuronal development. In con-

trast to previous publications [65], it was demonstrated that γ-tubulin is present throughout axon 

and dendrites and could serve as local nucleator sides [64]. Thus, it is very likely that decentralized 

microtubule nucleation exists in developing neurons and that it is responsible for organizing the 

cytoskeleton during neuronal differentiation and plasticity.

Mechanisms of acentrosomal microtubule nucleation

It is heavily debated how the acentrosomal microtubule arrays in developing neurons are gener-

ated (Figure 2). It is proposed that acentrosomal microtubule networks are generated by 1) cen-

trosomal nucleation and subsequent release from the centrosome, 2) by breakage of pre-existing 
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Figure 2. Acentrosomal microtubule nucleation during neuronal development 

A) In the first stages of neuronal polarization, during axon specification, microtubules are nucleated at the centrosome. 

During this stage microtubules are uniformly distributed in both future axon and dendrites, with their plus- ends distal to the 

cell body. Tubulin dimers might be transported into the axon and used for microtubule assembly. 

B) At later stages of neuronal development microtubules have a mixed orientation in the dendrites, but still are oriented in a 

uniform way in the axon. During this later stage the centrosome loses its ability to nucleate microtubules and acentrosomal 

microtubule assembly takes over. The three enlargements show examples of acentrosomal nucleation and some proteins 

involved; microtubule nucleation at the Golgi apparatus involving CLASP (top), microtubule nucleation in the cytoplasm 

might use the minus-end binding protein Nezha (middle) and formation of new microtubules through severing of existing 

microtubules by katanin and spastin (bottom).
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microtubules or 3) nucleation at acentrosomal sites, such as cortical γ-tubulin complexes, intracel-

lular membranes or pre-existing microtubules. It has long been thought that microtubule release 

from the centrosome is the major mechanism for generating acentrosomal microtubules in neurons 

[66,67]. The model suggested that microtubules assemble at the centrosome, are released through 

microtubule severing proteins like katanin or spastin and are moved into the axons and dendrites 

by motor proteins. Although some experimental evidence is described, this process has not been 

directly observed in neurons [66]. Moreover, measuring translocation of growing microtubule plus-

ends in the axons of cultured Xenopus neurons using fluorescently labeled microtubule plus-end 

binding proteins, such as EB1-GFP failed to visualize their rapid displacement [68,69], indicating 

that at least growing microtubules fail to be transported in neurons. Instead, katanin may cause 

local microtubule disruption in axons and dendrites and play a more general role in microtubule 

rearrangements. In this way, broken microtubules in axons or dendrites might serve as new seeds 

for microtubule growth and regulate neuronal differentiation and plasticity. Indeed, several studies 

show that katanin is present in axon and dendrites, especially close to the growth cone where short 

microtubules are found. Microinjection of anti-katanin antibodies interferes with neurite extensions 

[70] and expression of a dominant-negative katanin construct compromises axon growth [71]. In 

more mature neurons, microtubules in dendrites are more susceptible to excess activity of katanin 

than those in axons [72]. More recent data show that Drosophila Katanin p60-like 1 (Kat-60L1) is 

required for dendrite severing by breaking microtubules in proximal dendrites [73]. Thus, local 

acentrosomal microtubules can be formed in both axons and dendrites and microtubule-severing 

proteins seem not to be restricted to centrosome-bound microtubules. 

 As discussed above microtubule nucleation can occur at several acentrosomal sites, such 

as cortical γ-tubulin complexes, Golgi membranes or pre-existing microtubules, however none 

of these processes have been shown in neuronal cells. Recently, more became known about the 

factors that bind to microtubule minus ends. The Takeichi group found a microtubule minus-end 

binding protein, called Nezha, which anchors microtubules at cadherin-based adherens junction 

[74]. Nezha is homologous to Patronin, which caps and stabilizes microtubule minus-ends in Dro-

sophila S2 cells and is involved in organizing the microtubule cytoskeleton by protecting against 

kinesin-13-induced depolymerization [75]. It would be interesting to see whether this new protein 

family is expressed in other cell types and involved in stabilizing acentrosome microtubule forma-

tion in neurons.

Microtubule organization in differentiated neurons

Once neuronal polarity is established and early development is completed, axon and dendrites 

grow out and establish synaptic contacts. Microtubule arrays within axon and dendrites of these dif-

ferentiated neurons are highly organized with respect to their intrinsic polarity [4,63,76]. In the late 

1980s, an elegant hook-decoration technique was used to determine the orientation of microtu-

bules in axons and dendrites by electron-microscopy [77,78]. In fully differentiated neurons, micro-

tubules in the axon are generally long and uniformly oriented, with their plus-ends facing outward, 
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while the microtubules in the dendrites are oriented in both directions. Thinner, more distal den-

drites, however, contain unipolar microtubules oriented the same way as axonal ones [77,79]. This 

specialized microtubule organization has also been visualized using microtubule plus-end binding 

protein EB3 coupled to GFP in living neuronal cells [80,81]. It was demonstrated that in axons and 

distal dendrites all dynamic microtubule plus-ends point toward growth cones while in proximal 

dendrites significant EB3-GFP displacement was directed towards the cell body [81]. In contrast, the 

use of EB1-GFP tracking in Drosophila neurons provided strong evidence that axons and dendrites 

both have microtubule arrays of uniform polarity orientation - axonal microtubules were uniformly 

plus-end distal, whereas dendritic microtubules were of the opposite orientation, nearly all minus-

end out [82,83]. These results show a striking difference in microtubule orientations in axons and 

dendrites and strongly suggest that distinct microtubule arrays might underlie local sorting of syn-

aptic cargos [76]. Indeed, recent work in vertebrates, worms and flies reported a specific role for 

microtubule plus- and minus-end directed motor proteins in steering synaptic cargo transport into 

either axons or dendrites [84,85] and found that the cyclin-dependent kinase pathway regulates 

polarized trafficking of presynaptic components [86].

 Moreover, microtubules in axon and dendrites differ in their cytoskeleton density, microtubule 

associated proteins and post-translational modifications [76]. It has also recently been demonstrat-

ed that post-translational modification of microtubules can alter their stability and motor protein 

binding characteristics [87,88]. Stable microtubules in neurons typically accumulate a variety of 

post-translational modifications, like acetylation, detyrosination and (poly)glutamylation. Although 

both dendrites and axons have high levels of modified microtubules, acetylated and detyrosinat-

ed microtubules are enriched in the axons and might selectively recruit kinesin-1 motor proteins 

[43,89]. Also, mutant mice that lack the gene for tubulin tyrosine ligase, die shortly after birth due 

to neuronal disorganization including premature axon specialization. In these mice both axon and 

dendrites contain high levels of detyrosinated microtubules suggesting that the normal axonal 

enrichment of detyrosinated microtubules is a determinant of proper neuronal polarization [90]. 

Recently, synaptic activity has been shown to regulate microtubule modifications [91]. Treatment 

of neurons with strychnine, an inhibitor of the glycine receptor, increases neuronal activity, leads 

to increased polyglutamylation and influences synaptic cargo transport. In this way, microtubule 

modifications are closely related to extracellular signals and intracellular cargo trafficking.

Anti-parallel microtubule arrays in dendrites

Higher plants also have highly organized microtubule arrays and no centrosome structures or 

centrosome-like organelles. In these cells, the microtubules are nucleated by γ-tubulin complexes 

associated with a variety of cellular structures [62]. Microtubule nucleation sites can even be found 

along the length of microtubules where they nucleate new microtubule filaments from sides of pre- 

existing microtubules [92]. Also in fission yeast these secondary microtubule initiation sites are pres-

ent along interphase microtubules where they can nucleate new microtubules. Interestingly, new 

microtubules are aligned in an anti-parallel orientation to the underlying microtubule, resulting 
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in the formation of bipolar microtubule bundles [93]. Several factors regulate microtubule bundle 

formation, such as microtubule associated proteins ase1p (PRC-1 in mammalian cells), kinesin klp2p 

(kinesin like protein 2; kinesin-14) and cls1p (also known as CLASP). New data from the Surrey lab 

demonstrated that similar factors play a role in antiparallel microtubule organization at anaphase 

spindle formation - PRC1 and klp1 (kinesin-4) control the formation and length of antiparallel micro-

tubule overlaps and maintain spindle stability throughout mitosis [94]. 

 The studies mentioned above are interesting with respect to the observed anti-parallel micro-

tubules organization in dendrites [4,76]. Microtubule associated proteins like CLASP and motor 

proteins mklp1 (kinesin-4) and Eg5 (kinesin-5) are present in neurons [95-97] and could similarly 

establish specific microtubule network organizations. Consistent with this idea, depletion of mklp1 

severely disturbs dendrite morphology [98]. It is however unclear how anti-parallel microtubule 

organization is formed and maintained in a complex dendrite with all its branches and spines. Acen-

trosomal microtubule nucleation could play an important role in dendrites. As discussed above, 

bipolar microtubule arrays in dendrites can be established by acentrosomal nucleation, either 

through nucleation on short stabilized microtubule fragments, or by centrosomal proteins pres-

ent at specific sites along the dendrites. A new study from the Rolls lab presents a model of how 

Drosophila neurons, containing only minus-end-out microtubules in dendrites, establish uniform 

microtubule polarity in branched dendrites [99]. Here they show that kinesin-2, and the microtu-

bule plus-end binding proteins (+Tips) EB1 and APC are required for uniform dendrite microtubule 

polarity. They hypothesize that kinesin-2 is recruited to growing microtubules and that this motor 

protein steers growing microtubules along stable pre-existing microtubules toward their plus ends, 

maintaining dynamic arrays of uniformly-polarized microtubules. Although this mechanism could 

establish uniform microtubule polarity in branched dendrites in Drosophila neurons, it cannot 

account for setting up the minus-end-out polarity on its own. It is, however, interesting to speculate 

that shortage of the +Tips or motor proteins at specific locations along the dendrites could lead to 

anti-parallel microtubule originations. 

Microtubular and centrosomal proteins in neurological diseases

We have also begun to understand the biological function of microtubule dependent processes 

and their core components in disease [6,100]. Recently mutations in the various α- and β-tubulin 

genes - which encode for the globular proteins that polymerize into microtubule structures - have 

been associated to neurodevelopmental diseases [6]. For example, studies have reported that 

mutations in the beta-tubulin gene TUBB2B result in asymmetrical polymicrogyria [101] and muta-

tions in the alpha-tubulin gene TUBA8 cause polymicrogyria with optic nerve hypoplasia [102]. In 

addition, heterozygous missense mutations in TUBB3 - encoding a neuron specific beta-tubulin iso-

type - result in a broad spectrum of nervous system disorders including intellectual and behavioral 

impairments, facial paralysis and axonal sensorimotor polyneuropathy [103]. Mutations in genes 

encoding centrosomal components are associated with several neurological diseases, such as liss-

encephaly and microcephaly, psychiatric disorders, such as schizophrenia or syndromes with neuro-
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logical symptoms, such as Bardet-Biedl and Joubert syndrome (Table 1). For example, mutations in 

centrosomal proteins Lis1 and doublecortin (DCX) have been linked to neurodevelopmental disor-

ders, highlighting the important role of the cytoskeleton in neuronal migration (Table 1). Neuronal 

migration deficits are also believed to underlie mental disorders such as schizophrenia - mutations 

in centrosomal protein DISC1, a candidate susceptibility factor for schizophrenia, are found associ-

ated with the disease. DISC1 interacts with NDE1 and NDEL1 and is involved in anchoring the dynein 

motor complex at the centrosome, which raises the possibility that it is closely connected to LIS1. It 

is also important to understand the regulatory roles of actin dependent forces in these processes. 

However, we still lack general knowledge of how microtubule and actin/myosin rearrangements are 

combined to lead to the various morphological steps during neuronal migration, polarization and 

differentiation. Together the genetics, clinical and neurobiological studies emphasize the impor-

tance of microtubules and centrosome components for neuronal migration and differentiation.

DISCuSSIon

Over the past decades the function of the microtubule cytoskeleton has been extensively studied 

in developing and mature neurons in vitro and in vivo and there has been tremendous progress 

in understanding the molecular and cellular processes that underlie neuronal migration, polarity 

and differentiation [4,63]. Microtubules play an active role in modulating neuronal size and shape 

by converting extracellular signals into morphological changes [104]. They also have an intrinsic 

polarity, which makes them ideally suited to organize the cells interior and intracellular transport 

by segregating specific proteins into distinct neuronal compartments [76]. Molecular motor pro-

teins that move unidirectionally along microtubules make use of this polarity and thereby regulate 

intracellular trafficking and cargo sorting [84]. We recently demonstrated that microtubule invasion 

into spines is associated with transient morphological changes, such as the formation of spine head 

protrusions and spine growth [80].

 Centrosomes have been described as essential organelles with crucial functions in neuronal 

cells. The results obtained from both in vitro and in vivo studies indicate, however, that at least in 

certain phases of neuronal development, the centrosome is not essential. In complex multicellular 

organisms such as Drosophila and zebrafish, the need for centrosomes, as microtubule organizer 

centers, seems to be dispensable for neuronal differentiation and tissue morphogenesis. On the 

other hand, the centrosome has a crucial role in axon specification of rodent hippocampal and cor-

tical neurons. These data strongly suggest that both centrosome-dependent and centrosome-inde-

pendent pathways co-exist. It is however practically impossible to separate centrosomal functions 

(at the centrosome and/or at the basal body) from acentrosomal activity. Most centrosome-inde-

pendent pathways utilize ‘classical’ centrosome proteins for local decentralized microtubule nucle-

ation. Moreover, mutations that affect centrosomal components also affect acentrosomal activity 

and often result in pleiotropic non-neuronal phenotypes. For example mutations in genes encod-

ing centrosomal components play a role in ciliogenesis [10,105], mitotic spindle orientation during 
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progenitor proliferation [106] or neurodevelopmental diseases (Table 1). Since the centrosome loses 

its microtubule centralization function after neuronal polarization [64], it is very likely that centro-

some-associated proteins can function fully independently of the centrosome during later stages 

of neuronal differentiation. During earlier stages of neuronal development, the significance of acen-

trosomal over centrosomal activity might be dependent on the specific neuronal cell type, local 

environment and morphogenetic restrictions.

 Future studies will continue to visualize the position and dynamics of microtubules, centro-

somes and centrosome-associated proteins during the various stages of neuronal development 

and test the influence of extracellular signals and synaptic activity on these processes. Monitoring 

the spatiotemporal dynamics of asymmetric centrosome inheritance in dividing neuronal progeni-

tor cells [107] and photo-activation localization microscopy (PALM)-based single-molecule tracking 

[108] to analyze single acentrosomal microtubule structures in developing neurons will be of great 

additional value. 
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ABSTRACT

Neurons are highly specialized for the processing and transmission of electric signals and use cyto-

skeleton-based motor proteins to transport different vesicles and cellular materials. Abnormalities 

in intracellular transport are thought to play a critical factor in the degeneration and death of neu-

rons in both the central and peripheral nervous system. Several recent studies describe disruptive 

mutations in the minus end-directed microtubule motor cytoplasmic dynein that are directly linked 

to human motor neuropathies, such as spinal muscular atrophy (SMA) and axonal Charcot-Ma-

rie-Tooth (CMT) disease or malformations of cortical development, including lissencephaly, pachy-

gyria and polymicrogyria. In addition, genetic defects associated with these and other neurological 

disorders have been found in multifunctional adaptors that regulate dynein function, including the 

dynactin subunit p150Glued, Bicaudal-D2 (BICD2), lissencephaly 1 (Lis-1) and nuclear distribution 

protein E (NDE1). Here we provide an overview of the disease-causing mutations in dynein motors 

and regulatory proteins that lead to a broad phenotypic spectrum extending from peripheral neu-

ropathies to cerebral malformations.
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InTRoDuCTIon 

Intracellular cargo transport is driven by myosin, kinesin and dynein motor proteins that can move 

directionally along actin filaments and microtubules. Myosins use actin filaments for cargo trans-

port, while both dyneins and kinesins use microtubules to drive respectively minus end-directed 

or plus end-directed transport [1,2]. Because of their size and highly polarized structure, neuronal 

cells heavily rely on this transport system. Many studies have shown the fundamental roles of all 

three motor families in neuron development, morphology, survival and function [2]. On the other 

hand, defects or misregulation of the neuronal transport system have very adverse effects. Emerg-

ing evidence suggests both a direct and indirect role for cargo transport in neuronal pathogenesis. 

Impairment of axonal transport for instance, is a common factor in many neurodegenerative dis-

eases, such as Huntington’s, Parkinson’s and Alzheimer’s disease [3-5]. Dysfunction of mitochon-

drial transport in axons is a pathogenic event correlated with many neurodegenerative diseases 

[6-8]. Direct evidence supporting the involvement of motor proteins in neurodegenerative diseases 

comes from genetic studies identifying mutations in genes involved in the microtubule tracks or 

neuronal transport components [4,9]. In this review we will focus on human mutations in the minus 

end-directed microtubule motor cytoplasmic dynein and its regulatory proteins, that are directly 

linked to various neurological diseases. 

Cytoplasmic dynein structure and function

Dynein proteins are large multi-subunit motor complexes that produce force towards the minus 

ends of microtubules. Dynein motors play a role in many processes, ranging from ciliary and  

flagellar beating, intraflagellar and intracellular transport, mitosis and directed cell movement 

[10-12]. Axonemal dyneins function as molecular engines for ciliary and flagellar movement, while 

cytoplasmic dyneins are responsible for a wide variety of basic cellular functions, such as the move-

ment of organelles, transport of vesicles, proteins and mRNA, maintenance of the Golgi apparatus, 

endosome recycling, cytoskeletal reorientation and the positioning of the mitotic spindle [13-15]. 

Cytoplasmic dynein (from now on called dynein) also has neuron specific functions and is partic-

ular involved in neuronal migration, retrograde axonal transport and polarized trafficking into  

dendrites [16-18].

 Dynein has a molecular mass of about 1.5 MDa, comprises of several different subunits and 

contains two identical copies of the heavy chain polypeptide as their largest subunit (>500 kDa) 

(Figure 1). The heavy chain is member of the AAA+ ATPase superfamily. The C-terminus consists 

of six AAA+ ring shaped modules, essential for ATP hydrolysis and a 15 nm stalk domain (amino 

acid 3188-3498), which is responsible for microtubule binding and generating movement along the 

microtubule [19] (Figure 1). Dynein cargo binding is thought to be mediated by five other accessory 

subunits; intermediate chains, light intermediate chains and three light chains, which all associate 

at the N-terminus (amino acid 0-1400) of the heavy chain (Figure 1). Besides the dynein core com-

plex, other proteins regulate dynein function and localization [10]. The best-characterized dynein  
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regulators are the dynactin complex, Bicaudal-D2 (BICD2), lissencephaly 1 (Lis-1), nuclear distribu-

tion protein E (NDE1) and NDE1-Like (NDEL1). The dynactin complex (name derived from dynein 

activator [20] binds to the dynein intermediate chain, mediates dynein-cargo interaction and facili-

tates dynein-driven transport by providing additional microtubule binding via the CAP-Gly domain 

of p150Glued subunit [21] (Figure 1). Like dynactin, the coiled-coil protein BICD is proposed to play 

a role in dynein-cargo binding [22], although several studies suggest a role in the regulation of 

dynein movement [23,24]. Lis-1 binds directly to dynein heavy chain between dynein’s ATPase and 

microtubule-binding domains [25] and is best known for its implication in the human disease lis-

sencephaly [26]. Recent studies found that Lis-1 is necessary for clamping dynein to the microtu-

bule and initiating dynein-driven motility [27], while NDE proteins are thought to tether Lis-1 to 

dynein [28]. Despite their broad involvement in dynein functions, the precise mechanistic action of 

dynein regulators remain poorly understood. Many dynein-driven processes require the action of 

these adaptor proteins and, especially in the case of dynactin and Lis-1, inhibition or depletion often 

results in phenotypes similar to that of a complete loss of dynein function. 

Mutations in dynein heavy chain (DYnC1H1)

The cytoplasmic dynein complex is present in many different cell types, also in neurons both during 

development and in the mature brain. In neuronal cells it is the main molecular motor necessary 

for retrograde axonal transport of cellular material, such as RNA particles, neurofilaments, vesicles, 

mitochondria and signaling complexes [29,30]. Moreover, dynein is also known to be involved in 

polarized trafficking and specifically transports proteins and vesicles in dendrites [31-33]. Most func-
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Figure 1. The cytoplasmic dynein complex 

and its regulators.

The dynein molecule (yellow) is a complex of 

heavy chains (HC), intermediate chains (IC), 

light intermediate chains (LIC) and light chains 

(LC8, LC7, TCTex). Dynein is bound to the dyn-

actin complex (green) through interactions 

between the IC and the p150Glued subunit of 

dynactin. The p150Glued subunit also binds car-

go vesicles and microtubules. Another promi-

nent dynactin component is the actin-related 

protein Arp1, which associates with membra-

nous cargo via interaction with spectrin. Other 

dynein regulators are BICD2, LIS-1, NDE1 and 

NDEL1 (blue) that bind the dynein complex 

either by direct interaction through dynein or 

indirect via dynactin.
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Table 1. Human mutations in dynein subunits and regulators causes neurological disorders

CC - coiled coil; FBD - fetal brain disruption; fs - frameshift; FTD - frontotemporal dementia; MCD - malformation of cortical 

development; MHAC - microhydranencephaly; PS - Perry syndrome.

gene mutation location disease references

DYNC1H1

H306R CC CMT2 [37]

E1518K motor domain ID [39]

H3822P motor domain ID

I584L CC SMA-LED [38]

K671E CC SMA-LED

Y970C CC SMA-LED

 del659–662 CC MCD [46]

K129I tail region MCD

K3336N stalk MCD

R3384Q stalk MCD

R1567Q linker MCD

R3344Q stalk MCD

R1962C AAA1 MCD

K3241T stalk MCD

R3344Q stalk MCD

DCNT1

G59S CAP-Gly MND [51]

G71A CAP-Gly PS [53]

G71R CAP-Gly PS

G71E CAP-Gly PS

T72P CAP-Gly PS

Q74P CAP-Gly PS

BICD2

S107L CC1 DCSMA [67-69]

I189F CC1 DCSMA [67]

R501P CC2 DCSMA

K508T CC2 HSP

Q774G CC3 DCSMA [68]

K90R CC1 DCSMA [69]

N188T CC1 DCSMA

T703M CC3 DCSMA

NDE1

A29fs CC1 Microcephaly [79]

P229fs C-terminus Microcephaly [79,80]

L245fs C-terminus Microcephaly with Lissencephaly [80]

R44stop CC2 Microcephaly with FBD [81]

deletion Microcephaly with FBD

deletion MHAC [78]

Dynein Mutations
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tional studies focus on the cytoplasmic dynein complex containing dynein heavy chain DYNC1H1 

(MIM 600112), but evidence suggests that a second cytoplasmic dynein complex, cytoplasmic 

dynein 2 consists of a distinct heavy chain, DYNC2H1 which is mainly present in ciliated tissues 

[34,35]. Human mutations in DYNC2H1 have been linked to many ciliopathies, particularly short-rib 

polydactyly syndrome disorders (SRPS), which are characterized by short ribs, frequently polydac-

tyly, and other skeletal malformations [36].

 Mutations in the DYNC1H1 gene (MIM 600112) result in peripheral nervous system disorders 

like axonal Charcot–Marie–Tooth Disease (CMT2), affecting both motor and sensory neurons and 

leading to muscle weakness and atrophy [37] and spinal muscular atrophy with lower extremity pre-

dominance (SMA-LED), affecting motor neurons and causing progressive muscle degeneration and 

weakness [38]. DYNC1H1 mutations are also linked to severe intellectual disability (ID) with variable 

neuronal migration defects [39] (Table 1). Both CMT2 and SMA-LED show partial phenotype overlap 

and many disease characteristics observed in human patients are similar to those observed in mice 

with hypomorphic mutations in the dynein heavy chain 1 gene, such as Legs at odd angles (Loa), 

Cramping 1 (Cra1) and Sprawling (Swl) mice [2]. In these mutant mice either late-onset and slowly 

progressive degeneration of motor neurons and /or an early-onset sensory neuropathy is observed 

[40]. Most of the mutations in cytoplasmic dynein heavy chain 1 in both humans and mice are local-

ized within the homodimerization tail domain (Figure 2), suggesting that the genetic alterations 

could impair the processivity of the dynein complex. Recent in vitro studies with dynein purified 

from the Loa mutant mice [41] and fibroblasts of a patient carrying I584L substitution [38] have 

provided experimental evidence for this model. Loa-mutant dynein shows decreased average run 

lengths, increased affinity to ATP and increased lateral stepping [41], while a decrease in the affinity 

of the dynein complex for microtubules during ATP hydrolysis was observed in the I584L mutant 

[38]. These studies indicate an important role of the tail domain in regulating the motor domain 

activity. It has been proposed that dynein could exist in a head-to-tail conformation, which could 

negatively regulate its offloading to the cortex [42]. The data suggest that the dynein mutation 

impairs motor domain coordination, which may result in reduced dynein-driven retrograde trans-

port [43]. It has been also shown that, DYNC1H1 mutations lead to mitochondrial morphological 

abnormalities [44], and inhibit retrograde transport of survival factors [45]. Until recent DYNC1H1 

mutations were primarily found associated with neuropathy. A new study reported on 9 new 

DYNC1H1 mutations in 11 individuals (8 sporadic cases plus 2 brothers and their mother) diagnosed 

with wide range malformations of cortical development [46] (Table 1). Here, mutations in DYNC1H1 

cause cortical malformations characterized by posterior pachygyria and/or other abnormalities, 

such as microcephaly and nodular heterotopia. Some of the DYNC1H1 alterations, such as K3336N 

and R3384Q, were located in the stalk domain (Figure 2) and showed reduced microtubule binding 

in in vitro co-pelleting assays [46]. In the future, it will be intriguing to find out the various molecular 

and cellular mechanisms by which disease-related dynein mutations disrupt neuronal functions.
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Mutations in the dynactin subunit p150Glued (DnCT1)

Dynactin was found as an activator of dynein mediated vesicle transport in vitro [20] and similar to 

dynein, dynactin participates in transport of several intracellular organelles including endosomes, 

lysosomes and Golgi membranes. Dynactin helps to link dynein to cargos, increases dynein pro-

cessivity and initiates dynein-driven cargo transport in axons [10]. The dynactin complex has a 

molecular mass of 1 MDa and consists of several subunits, including the largest subunit of dynactin, 

p150Glued encoded by dynactin 1 gene, DNCT1 [21] (Figure 1). p150Glued interacts directly with 

microtubules, dynein intermediate chain (DIC), other components of dynactin complex [21], poten-

tial cargo adaptors [33,47] and microtubule plus-end tracking proteins [48]. Recent data suggest 

that the CAP-Gly domain of p150Glued, responsible for interactions with microtubules, is required 

for microtubule organization, but is not necessary for cargo transport [49,50].

 Several mutations have been described in the DNCT1 gene (MIM 601143), some of which asso-

ciate with neurodegenerative disorders such as slowly progressing lower motor neuron disease 

(MND) and Perry Syndrome (Figure 2 and Table 1). Mutation in DNCT1 was described by Puls et 

al. [51], who reported a heterozygous missense mutation leading to the p150Glued-G59S substi-

tution in patients with distal spinal and bulbar muscular atrophy, a slowly progressing, autosomal 

dominant MND with the early adulthood onset. This finding triggered search for DNCT1 mutations 

segregating with ALS. Although some missense mutations were identified in ALS patients, recent 

studies found that some of them could be also detected in healthy subjects [52]. This suggests that 

none of the identified ALS-related mutations is causative and all genetic variations identified so 

far should be considered potential risk factors for ALS. Several missense mutations in DNCT1 were 
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CC Linker AAA1 AAA2DYNC1H1

CAP
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******
CC1 CC2
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Figure 2. Schematic overview of the structure of human dynein and its regulators with mapped mutations. Domains of the 

proteins: DYNC1H1, p150Glued (DCNT1), BICD2 and NDE1 are color-coded: CC (coiled-coil; green), AAA domains (blue), linker 

(yelow); stalk region (dark green), CAP-GLY domain (gray). Positions of the mutations are marked with a black (mutations 

described in human patients) or red asterix (mutations in mice). The black arrowheads represent deletions, duplications or 

splice site mutations.
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described that could be linked to Perry Syndrome patients [53] (Table 1). Perry Syndrome is a rapidly 

progressive, autosomal-dominant neurodegenerative disorder with mid-age onset and character-

ized by Parkinsonism with TDP43 proteinopathy in the extrapyramidal system. The p150Glued-Q74P 

mutation has been shown to disrupt both the microtubule and EB1-binding activities of the CAP-Gly 

domain [54] and could not restore normal microtubule dynamics in cultured DRG neurons [55]. The 

p150Glued-G59S substitution in the CAP-Gly domain is the best-studied DNCT1 mutation. Experi-

ments using in vitro cultured cells showed that this particular substitution results in decreased bind-

ing of mutated dynactin to microtubules and EB1, impairment of endogenous dynactin function 

and aggregate formation which induced neuronal cell death [56]. The p150Glued-G59S heterozy-

gous knock-in mice develop slowly progressing MND-like pathology including motor neuron death 

[57], while the p150Glued heterozygous knockout mice have no apparent neurodegeneration phe-

notype, suggesting that MND is not caused by a loss-of-function phenotype. Yet, it is unclear how 

p150Glued-G59S exerts such effects since no aggregates were observed in p150Glued-G59S het-

erozygous knock-in mice and high instability of mutated p150Glued was reported [57]. It should 

be noted however that Chevalier-Larsen et al. [58] did not observe p150Glued-G59S aggregates 

in independent transgenic line, which still displayed obvious axonal pathology. In these motor 

neurons, abnormalities in the enlargement and proliferation of lysosomes and lipofuscin granules 

have been observed, suggesting alterations in the cellular degradative pathway [59]. Thus, although 

several DNCT1 mutations have been identified in various neurodegenerative diseases, the precise 

cause of their pathological effects remains a puzzle.

Mutations in Bicaudal-D2 (BICD2) 

A well-studied group of dynein regulatory proteins is the evolutionarily conserved Bicaudal-D (BICD) 

family [60]. BICD, meaning “two tails,” was first identified in Drosophila through genetic screens in 

which mutants show abnormal anterior-to-posterior body patterning [61]. More recent studies 

showed that BICD is an essential factor in oogenesis and embryogenesis by controlling dynein-me-

diated mRNA transport [62]. Its highly similar mammalian homologues, Bicaudal D1 (BICD1) and 

Bicaudal D2 (BICD2), have been best characterized for their involvement in the transport of Rab6 

positive secretory vesicles [63,64], although they also contribute to other dynein-mediated process-

es, including nuclear positioning and lipid droplet trafficking [58,65]. The C-terminal part of BICD 

contains the cargo-binding domain (RAB6A and RANBP2), whereas the N-terminal domain binds to 

the dynein-dynactin motor complex [66], promotes the interaction between dynein and dynactin 

[24] and induces microtubule minus-end directed transport [23]. 

 Recent studies describe various mutations in the BICD2 gene (MIM 609797) in patients with 

dominant cogenital spinal muscular atrophy (DCSMA) with lower extremity predominance. These 

patients are characterized by nonprogressive congenital or early-onset lower-limb-predominant 

weakness, which often results in significant mobility impairment. Three independent groups report-

ed on the link between BICD2 mutations and DCSMA (Table 1). First, Oates et al. [67] reported several 

missense mutations in BICD2 in patients affected with DCSMA or DCSMA with upper motor neuron 
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features or hereditary spastic paraplegia (HSP). Second, Peeters et al. [68] found mutations in BICD2 

in independent Bulgarian families with autosomal-dominant proximal SMA. The clinical feature of 

the patient with the BICD2-Q774G mutation in the C-terminal part of the protein was very similar 

to that of patients with the N-terminal BICD2-S107L mutation. Third, Neveling et al. [69] described 

four BICD2 mutations in Dutch and Canadian families afflicted with autosomal-dominant SMA, with 

weakness and atrophy of proximal and distal muscles mainly of the legs. Interestingly, the sites of 

the single amino acid subsitutions are scattered throughout the length of the BICD2 protein (Figure 

2), and occur in regions that are involved in cargo binding or the dynein-dynactin interaction. It is 

plausible that BICD2 disease mutations may change the binding to Rab6 cargo or dynein-dynactin 

and in this way alter dynein-mediated processes in motor neurons. Some experimental evidence 

exists - BICD2-R501P and BICD2-S107 mutants increase dynein/dynactin binding and BICD2-Q774G 

mutant decreases Rab6 binding [67,68]. Moreover, overexpression of various BICD2 mutants dis-

rupt Golgi morphology [68,69], one of the hallmarks of altered dynein activity [70]. Although BICD2 

mutations are linked to SMA with dominant inheritance, it is not clear whether the alterations in 

BICD2 lead to gain of function or dominant negative loss of function effects. Recent work suggests 

that chronic impairment of dynein-dynactin function in transgenic mice by expression of the N-ter-

minal part of BICD2, despite obvious features of dynein failure, does not lead to signs of motor 

neurons degeneration [71]. These data suggest that DCSMA alterations in BICD2 are gain of func-

tion mutations, which could be in line with functional studies in Drosophila, showing that dominant 

BICD2 mutations produce more severe phenotypes compared to loss-of function mutants [61,72].

Mutations in Lis-1 and nDE1 

Lissencephaly-1 (Lis-1, also known as PAFAH1B1, MIM607432) and nuclear distribution protein nudE 

homolog 1 (NDE1, MIM609449) are important neuronal regulators of dynein-mediated processes 

[10,26]. Lis-1 encodes a 45 kD protein containing a dimerization domain at N-terminus and β-pro-

peller domain that binds dynein at the C-terminus. It is clear that Lis-1 influences dynein function 

but the exact mechanism is still a matter of debate [26-28]. Mutations in the Lis-1 gene result in 

lissencephaly, a neurodevelopmental disease characterized by absence or severe reduction of brain 

gyri, abnormal cortex lamination, and thickness. Over 40% of isolated lissencephaly and 100% Mill-

er-Diecker syndrome (MDS) patients have either point mutations in Lis-1 (e.g. causing H149R sub-

stitution, R273 stop codon insertion) or deletions of Lis-1 [73,74]. Mice models with reduced Lis-1 

expression also show severe neuronal migration defects, suggesting that that lowered dosage of 

Lis-1 affects either neuroprecursor divisions or neuronal migration or both [26,75]. Interestingly, 

recently several cases were described with microduplications of Lis-1-containing fragments [76,77], 

leading to some brain malformations as well as psychomotor and growth retardation. The strongest 

phenotypes were observed with larger duplications, which included Lis-1 and adjacent genes [77].

 Genome-wide linkage and sequencing studies identified mutations in the NDE1 gene in 

patients with a common feature of microcephaly (Figure 2, Table 1). Unlike in lissencephaly, micro-

cephaly is characterized by reduced brain size and mental retardation. Guven et al., [78] identified a 
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homozygous deletion in exon 2 of the NDE1 gene, which contains the initiation codon and most 

likely results in a null allele. Bakircioglu et al. [79] and Alkuraya et al. [80] found distinct homozygous 

frameshift mutations in NDE1 and showed that the truncated mutant proteins failed to bind to the 

dynein complex. Paciorkowski et al [81] describes two patients with inherited deletions of the entire 

NDE1 gene on one allele combined with a frameshift mutation or nonsense mutation (R44stop) in 

the non-deleted NDE1 gene. Depletion of NDE1 gene in mice leads to small brain, mental retarda-

tion and mild neuronal migration defects [80]. Therefore, the various genetic alterations in the Lis-1 

and NDE1 genes described in lissencephaly and microcephaly patients are probably due to lack of 

protein function.

DISCuSSIon

Loss-of function experiments in flies and mice demonstrate that dynein-mediated processes are 

crucial for a large range of cellular processes, but in neuronal cells dynein function is mainly linked 

to neuronal migration processes, axonal transport, dendrite development and synapse formation 

[2,10,12]. The recently described dynein mutations in humans strongly support the view that the 

dynein motor complex is crucial for proper neuronal migrations, differentiation and maintenance. 

The genetic alterations in dynein and its regulators are associated with various neurodevelopmen-

tal and neurodegenerative diseases, particular spinal muscular atrophy (SMA), axonal Charcot-Ma-

rie-Tooth (CMT) disease, Perry Syndrome (PS) and cortical malformations, such as lissencephaly 

and microcephaly (Table 1). In future work, it will be essential to first advance our understanding 

of how dynein functions with its regulatory proteins under non-pathological conditions. We also 

need to investigate whether specific disease mutations affect particular dynein-mediated process-

es. We postulate that alteration of distinct dynein pathways may cause impaired development and 

function of specific neuronal populations in the central and peripheral nervous system and may 

therefore lead the unique clinical characteristics. Genetic mutations in animal models often lead 

to phenotypes similar to human disease and will provide more insight into the molecular basis of 

dynein function in both normal and disease states. Moreover, combining the genetics data with 

functional in vitro assays, will lead to a much better clinically classification of dynein-related disor-

ders. It will also be important to look out for alterations in other dynein interacting partners, includ-

ing dynein subunits or dynein regulators, such as dynactin subunits, ROD–ZW10–Zwilch (RZZ) or 

spindly. These genes might represent good candidates for the still many unsolved cases of motor 

neuron disease and/or other developmental or neurological disorders.
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ABSTRACT

The vesicle-associated membrane protein (VAMP) associated protein B (VAPB) is an integral mem-

brane protein localized to the endoplasmic reticulum (ER). The P56S mutation in VAPB has been 

linked to motor neuron degeneration in amyotrophic lateral sclerosis type 8 (ALS8) and forms 

ER-like inclusions in various model systems. However, the role of wildtype and mutant VAPB in neu-

rons is poorly understood. Here, we identified Yip-1 interacting factor homolog A (YIF1A) as a new 

VAPB binding partner and important component in the early secretory pathway. YIF1A interacts 

with VAPB via its transmembrane regions, recycles between the ER and Golgi and is mainly local-

ized to the endoplasmic reticulum – Golgi intermediate compartments (ERGIC) in rat hippocampal 

neurons. VAPB strongly affects the distribution of YIF1A and is required for intracellular membrane 

trafficking into dendrites and normal dendritic morphology. When VAPB-P56S is present, YIF1A is 

recruited to the VAPB-P56S clusters and loses its ERGIC localization. These data suggest that both 

VAPB and YIF1A are important for ER-to-Golgi transport and that missorting of YIF1A may contribute 

to VAPB associated motor neuron disease.
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ALS8 protein VAPB interacts with YIF1A
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InTRoDuCTIon

The secretory pathway is responsible for the delivery of a variety of protein and lipid cargo, such as 

ion channels, receptors and lipid membranes, to their proper location. In the early secretory pathway 

newly synthesized proteins that pass the quality control of the ER concentrate at specialized ER sub-

domains called the endoplasmic reticulum exit sites (ERES) [1,2]. From here, cargo leaves the ER and 

is transported to the Golgi compartments to undergo further processing, sorting and subsequent 

delivery to the plasma membrane or other cellular organelles. ER derived vesicles deliver their car-

go either directly to the cis-Golgi membrane or pass a specialized membrane compartment called 

the ER-Golgi intermediate compartment (ERGIC) [3-6]. Whereas the early secretory pathway and its 

organization is well studied in a variety of cellular model systems such as yeast and fibroblasts, little 

information is available about this trafficking pathway in neuronal cells. A number of studies have 

demonstrated the presence of ER to Golgi transport components in neurons [7-9] and indicated the 

importance of the early secretory trafficking for neuronal development and morphogenesis [10-13].

 Members of the highly conserved VAP family, including the mammalian VAPA and VAPB pro-

teins, are present in the ER and have been proposed to play a role in maintaining Golgi complex 

identity, ER morphology, lipid transfer and in regulating ER and Golgi transport [14-22]. VAP proteins 

contain an N-terminal domain, which is highly homologous to the nematode major sperm protein 

(MSP), a central domain that forms a coiled–coil structure and the C-terminal transmembrane tail 

domain [23,24]. Interest in VAP proteins has greatly increased after the discovery of a dominant 

missense mutation P56S in the MSP domain of VAPB, which causes a familial motor neuron disease, 

designated amyotrophic lateral sclerosis type 8 (ALS8) [25]. P56S mutant VAPB accumulates in inclu-

sions that contain abnormal organized ER [18,26] and recruit wildtype VAPA/B in these inclusions, 

suggesting that VAPB-P56S could have a dominant negative effect on VAP function [18]. Indeed, a 

loss-of-function mechanism has been observed in several model systems [17,27-30]. Moreover,  

a reduction in VAP protein levels has been described in sporadic ALS patients, SOD1 mutant mice as 

well as ALS-derived motor neurons [18,31,32]. However, mechanisms leading to VAPB-linked motor 

neuron degeneration are still poorly understood.

 To gain more insight into the role of VAPB in neurons we searched for new binding partners 

of VAPB. We identified Yip-1 interacting factor homolog A (YIF1A) as a new VAPB binding partner 

that interacts with both wildtype VAPB and mutant VAPB-P56S. YIF1A is the human ortholog of the 

budding yeast Yif1p, a transmembrane protein that plays an important role in early secretory trans-

port in yeast and mammalian cells [33-36]. We find that YIF1A recycles between the ER and Golgi 

and is mainly localized to the ERGIC in hippocampal neurons. VAPB and YIF1A are both required 

for membrane trafficking to dendrites and proper dendrite morphology. In addition, we show that 

ALS8 mutant VAPB-P56S strongly disrupts the localization of YIF1A to ERGIC. Our data suggest an 

important role for YIF1A and VAPB in the early secretory pathway and we propose that the mis-

sorting of YIF1A plays a role in VAPB associated motor neuron disease. These findings advance the 

knowledge of fundamental trafficking processes in neuronal cells and have important implications 

for our understanding of neuronal degeneration.
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RESuLTS 

YIF1A interacts with both wildtype and mutant VAPB

To identify new VAPB interacting proteins, we performed pull-down assays combined with mass 

spectrometry. Biotinylated and GFP-tagged VAPB (bio-GFP-VAPB) and control bio-GFP constructs 

were transiently co-expressed in HeLa cells together with the protein-biotin ligase BirA, isolated 

with streptavidin beads and the proteins were analyzed by mass-spectrometry. Bio-GFP-VAPB 

bound to several previously identified VAPB binding partners, such as the FFAT-motif containing 

proteins NIR2, OSBPL3, OSBPL6 and OSBPL9 [18,20,37,38] (Figure 1A). In addition, a novel poten-

tial VAPB binding partner was identified, YIF1A, a transmembrane protein of 293 amino acids and 

mammalian ortholog of the Saccharomyces cerevisiae protein Yif1p (Yip1p-interacting factor 1) [35]. 

YIF1A and its close homolog YIF1B are members of a large protein family, named FinGERs, which 

share a common structure with an N-terminal hydrophilic region, followed by conserved trans-

membrane regions [39,40]. 

  The interaction of VAPB and YIF1A was confirmed by biotin pull-down experiments using 

extracts of HEK293T cells overexpressing GFP-YIF1A and bio-HA-VAPB (Figure 1B). Pull-down exper-

iments also revealed binding between YIF1B and VAPB (Figure 1B) and between VAPA and both YIF 

homologs (Figure 1C). To further confirm the interaction between VAPB and YIF1A we performed 

immunofluorescence experiments in COS-7 cells. HA-YIF1A colocalized with both endogenous VAPB 

and cotransfected myc-VAPB, which as previously demonstrated localize to the ER [18,25,26,41,42] 

(Figure 1D,E). Significantly, HA-YIF1A also codistributes with ALS-linked mutant VAPB-P56S and 

VAPA-P56S (Figure 1F,H), which accumulates in small spherical inclusions [18,25,26,41,42]. Likewise 

also YIF1B was recruited to mutant VAPA/B inclusion (Figure 1G, I). Together these results show that 

YIF1A/B interacts with VAPA/B family proteins.

Figure 1. Interaction of YIF1A with wildtype and mutant VAPB

 (A) Identification of wildtype VAPB binding partners by mass spectrometry in HeLa cell extract. The table shows proteins 

identified with a significant Mascot score in the pull-down with streptavidin beads from an extract of HeLa cells co-express-

ing Bio-GFP-VAPB and biotin ligase BirA. The list is corrected for background proteins which were identified in a control 

pull-down from HeLa cells expressing bio-GFP. Abbreviations used in the table to indicate the identified proteins: OSBPL, 

oxysterol binding protein-like; NIR, N-terminal domain-interacting receptor. 

(B) Biotin pull-downs (PD) from HEK293T extract transfected with Bio-HA-VAPB and GFP-YIF1A, GFP-YIF1B or control bio-GFP 

and probed for GFP and HA.

(C) Biotin pull-downs from HEK293T extract transfected with Bio-HA-VAPA and GFP-YIF1A or GFP-YIF1B and probed for GFP 

and HA. The ratio input/pellet is 2%–5% for all pull-down and immunoprecipitation experiments.

(D) COS-7 cells transfected with HA-YIF1A and stained with anti-HA (green) and anti-VAPB (red) antibodies. 

(E, F) COS-7 cells double transfected with HA-YIF1A and myc-VAPB (D) or myc-VAPB-P56S (E) stained with anti-HA (green) and 

anti-myc (red) antibodies. 

(G) COS-7 cells double transfected with HA-VAPB-P56S and Flag-YIF1B, fixed and stained with anti-HA (green) and anti-Flag 

(red) antibodies. 

(H, I) COS-7 cells double transfected with myc-VAPA-P56S and HA-YIF1A (H) or HA-YIF1B (I) stained with anti-HA (green) and 

anti-myc (red) antibodies. Panels on the right side show enlargements of the boxed regions. Scale bar, 10 μm.
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A B

Identified    NCBI        Coverage  Unique    
Protein      GI number   Pept.        
OSBPL3    17389382      28.3         19            
NIR2          12667436      6.9            6          
OSBPL6    14210532      7.3            4              
OSBPL9    19684104      7.9            3              
YIF1A          1911776      18.7           2              

Figure 1, Kuijpers et al.
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The transmembrane domains of both VAPB and YIF1A are required for their interaction

Secondary structure predictions indicate that YIF1A contains four transmembrane domains at the 

C-terminus (Figure 2A) [43,44], while the N-terminus of the yeast homolog Yif1p has been shown to 

face the cytosol [35]. To confirm that the N-terminus of YIF1A faces the cytosol we generated a YIF1A 

construct with a biotinylation tag at the N-terminus (Figure 2B). Pull-down experiments showed 

that this construct was biotinylated when the biotinylating enzym BirA was localized in the cyto-

plasm, but not by a variant BirA that is localized in the ER lumen (Figure 2B).

 To identify the regions through which VAPB interacts with YIF1A we first made truncated 

GFP-YIF1A constructs encoding either the N-terminus (1-131) or the C-terminal transmembrane 

region (131-293) of YIF1A (Figure 2A). Pull-down experiments using HEK293T cells co-expressing 

HA-VAPB and the YIF1A deletion constructs showed that VAPB only coprecipitates with YIF1A con-

struct that contained the transmembrane region (Figure 2C, D). These data were confirmed by a glu-

tathione S-transferase (GST) pull-down assay with cell lysates expressing truncated YIF1A constructs 

using VAPB and VAPB-P56S immobilized on GST beads. The C-terminal part, but not the N-terminal 

part of YIF1A coprecipitated with VAPB and VAPB-P56S (Figure 2E). To characterize in more detail the 

YIF1A domain that binds VAPB we made additional truncated YIF1A constructs, which contain only 

the first two transmembrane domains (131-198), the last two transmembrane domains (198-298) 

or the N-terminal cytosolic domain with the first two transmembrane domains (1-198) (Figure 2A). 

Pull-down experiments with biotinylated VAPB showed that all transmembrane containing YIF1A 

constructs coprecipitated with VAPB (Figure 2F). However, VAPB brings down considerable higher 

Figure 2. The transmembrane domain of YIF1A interacts with VAPB

(A) YIF1A deletion constructs were made containing amino acid 1-131 of YIF1A, amino acid 131-293, 198-293, 1-198 and ami-

no acid 131-198. GxxxG motifs in transmembrane domain one and three were mutated by replacing the glycine residues 

with isoleucine. The predicted transmembrane domains are labeled with TM. 

(B) Biotin pull-down to determine the topology of YIF1A using HEK293T extracts transfected with bio-GFP-YIF1A and BirA 

(cytoplasm) or SP-BirA (ER lumen). Bio-GFP-YIF1A binds to streptavidin beads in the presence of cytoplasmic BirA but not in 

the presence of luminal BirA. Samples were immunoblotted using anti-GFP antibodies. 

 (C, D) Analysis of YIF1A binding domain by co-immunoprecipitation. HEK293T cells co-transfected with (C) GFP-YIF1A(1-131) 

or (D) GFP-YIF1A(131-293) and HA-VAPB were immunoprecipitated with anti-GFP or IgG (control) antibodies. 

(E) Binding domain analysis by GST pull-down assay using lysates of HEK293T cells expressing HA-YIF1A truncated con-

structs and GST-VAPB or GST-VAPB-P56S. Samples were immunoblotted using anti-HA antibodies. 

(F) Biotin pull-downs (PD) from HEK293T extracts transfected with GFP-YIF1A truncated constructs and bio-HA-VAPB. Probed 

for GFP and HA. The asterisk denotes a band corresponding to the YIF1A(1-198) protein.

(G) Biotin pull-down (PD) from HEK293T extracts transfected with GFP-YIF1A truncated constructs and bio-HA-VAPB-P56S 

and probed for GFP and HA.

(H) Immunoprecipitation from extract of HEK293T cells co-expressing GFP-VAPB-TMD and HA-YIF1A. Immunoblot is  

probed for HA. 

(I) Biotin pull-down from HEK293T extracts transfected with GFP-YIF1A IxxxI and bio-HA-VAPB and probed for GFP and HA. 

The ratio input/pellet is 2%–5% for all pull-down and immunoprecipitation experiments.

 (J-L) COS-7 cells double transfected with myc-VAPB (J, K) or myc-VAPB-P56S (L) and GFP-YIF1A truncation constructs, fixed 

and stained with anti-myc (red) antibodies. Scale bar, 10 μm.
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amounts of truncated GFP-YIF1A proteins that contain the first and second transmembrane domain 

(131-198) (Figure 2F), indicating that the VAPB interaction is strongest with this region. The marked 

difference between binding of the first two transmembrane domains compared to the last two 

transmembrane domains suggests a specific interaction between YIF1A and VAPB. GFP-YIF1A (131-

198) also efficiently coprecipitated with VAPB-P56S (Figure 2G). Moreover, the GFP-tagged single 
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Figure 2, Kuijpers et al.
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transmembrane domain of VAPB co-immunoprecipitates with YIF1A suggesting that the transmem-

brane domain of VAPB is important for binding YIF1A (Figure 2H). To further explore the binding of 

YIF1A with VAPB we mutated two GxxxG motifs that are present in the first and third transmem-

brane domain of YIF1A (Figure 2A). GxxxG motifs are known to facilitate interactions between trans-

membrane helices and mediate the assembly of the transmembrane helices in VAPB [42]. However, 

disruption of these motifs in YIF1A did not interfere with VAPB binding (Figure 2I). These data were 

confirmed by immunofluorescence in COS-7 cells (Figure 2J-L and Supplementary Figure S1). The 

results show that the first two transmembrane domains of YIF1A are important for VAPB binding 

but that this binding does not depend on GxxxG motifs. Together these data indicate that the trans-

membrane domains of both VAPB and YIF1A are important for their interaction. 

YIF1A recycles between the Golgi and ER and localizes to the ERGIC in hippocampal neurons

Next we investigated the function of the VAPB-YIF1A interaction using primary cultured rat hippo-

campal neurons as a model system. VAPB is mainly localized to the ER in neuronal cells [18], whereas 

the distribution of YIF1A in neurons is not clear. Immunofluorescent stainings of HA-YIF1A express-

ing neurons at 16 days in vitro (DIV16) showed that YIF1A is present in a reticular network through-

out the neuron and localizes to discrete puncta in the cell body (Figure 3A). The reticular YIF1A 

staining partially co-localizes with endogenous VAPB and the ER marker protein disulfide isomerase 

(PDI) (Figure 3B, C). Double labeling with the ER-Golgi intermediate compartment (ERGIC) mark-

er ERGIC53/p58 showed partial co-localization in the cell body, indicating that the YIF1A positive 

puncta coincide with the ERGIC (Figure 3D). In contrast, the endosome marker early endosomal 

autoantigen 1 (EEA1) showed no co-localization with HA-YIF1A (Figure 3E). 

 To further verify the co-localization of YIF1A with the ERGIC we blocked vesicular trafficking 

between ER and Golgi using brefeldin A (BFA). Co-stainings with cis-Golgi marker GM130 and ERGIC 

marker ERGIC53/p58 show respectively little and moderate co-localization with YIF1A in control 

neurons (Figure 4A, C, E). However, after blocking vesicular trafficking using BFA, YIF1A accumu-

lates in the perinuclear region of the cell body where it strongly co-localizes with Golgi and ERGIC 

markers (Figure 4B, D). Analysis of the Pearson’s correlation coefficients of fluorescent signals con-

firmed that BFA treatment significantly increases the co-localization of YIF1A with Golgi and ERGIC 

(Figure 4E). In contrast, VAPB is present in the ER, not localized to Golgi and ERGIC structures and its 

localisation is unaffected by BFA treatment (Figure 4F, G, E). These results indicate that while VAPB 

is restricted to the ER, YIF1A recycles between the Golgi and ER and is predominantly present in the 

ERGIC. 

VAPB retains YIF1A in the ER and inhibits its recycling into ERGIC and Golgi

We next determined whether the specific distribution of YIF1A and VAPB depends on each other‘s 

subcellular localization. We generated YIF1A, YIF1B, VAPA and VAPB shRNAs based on previously 

published siRNA sequences to perform knockdown experiments in neurons [18,45]. Both VAPA-and 

VAPB shRNAs showed a significant reduction in immunostaining for the respective VAP, indicating 

an effective knockdown for all VAP-shRNA constructs (Supplementary Figure S2). First, we tested 
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if the VAPB localization in the ER depends on YIF1. In DIV16 neurons, absence of YIF1A/B did not 

affect the localization of VAPB. Second, we tested if YIF localization depends on VAP using VAPA and 

VAPB shRNAs. The VAPA/B-shRNA expressing neurons at DIV16 showed a consistent change in YIF1A 

localization. Whereas control cells have a widespread reticular and punctate YIF1A staining (Figure 

5A), VAPA/B knockdown neurons displayed a strong accumulation of YIF1A in the perinuclear region 

of the cell body (Figure 5B) and a marked co-distribution of YIF1A with cis-Golgi marker GM130 and 

ERGIC marker ERGIC53/p58. Quantification revealed that the co-localization of YIF1A with GM130 

and ERGIC53/p58 is strongly increased in the absence of VAP (Figure 5C-G). These data indicate that 

knockdown of VAP in neurons leads to a translocation of YIF1A in post-ER structures. 

Figure 3, Kuijpers et al.
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Figure 3. 

YIF1A localization in cultured hippocampal neurons

(A) Representative images of rat hippocampal neurons 

(DIV16) co-transfected with HA-YIF1A and GFP to visu-

alize morphology and labeled with anti-HA (red) and 

anti-MAP2 (blue) antibodies. Scale bar, 20 μm. In the 

right panel a dendritic segment is enlarged to show 

presence of HA-YIF1A in proximal dendrites. 

(B-E) Representative images of rat hippocampal 

neurons transfected with HA-YIF1A and labeled with 

anti-HA (green) and anti-VAPB (red in B), anti-PDI (red 

in C), anti-ERGIC53/p58 (red in D) or anti-EEA1 (red in 

E). Solid lines indicate the cell edge and arrows show 

co-localization. Scale bars represent 20 μm in (A) and 

5 μm in (B). (B’-E’) Enlargement of dendritic segments 

to show localization of endogenous proteins and over-

expressed YIF1A.
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 The above data imply that VAPB is important to retain YIF1A in the ER and might control the 

recycling of YIF1A from the ER to the ERGIC and Golgi. To test this hypothesis we overexpressed 

myc-VAPB together with HA-YIF1A. Indeed, YIF1A shows a strong reticular distribution throughout 

the neuron and loses its characteristic ERGIC localization (Figure 6A, B, D). Next we tested wheth-

er a previously characterized interacting partner of YIF1A, YIP1, also retains YIF1A in the ER. YIP1 

has been shown to localize to ER and Golgi membranes as well as coat protein complex II (COPII) 

transport vesicles in yeast [34,35,46,47]. In hippocampal neurons, Flag-YIP1A has moderate Golgi 

and a pronounced ERGIC localization (Figure 6C). In contrast to VAPB, Flag-YIP1A overexpression 

increased YIF1A in the Golgi and ERGIC, while reducing its ER localization, thus having the opposite 

effect of VAPB (Figure 6C, D). Next, we used fluorescence recovery after photobleaching (FRAP) to Figure 4, Kuijpers et al.
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Figure 4. YIF1A localizes to the ER-Golgi intermediate compartment (ERGIC) 

(A) Image of the cell body of a hippocampal neuron transfected with HA-YIF1A and stained with anti-HA (red) and anti-

GM130 (green) antibodies. 

(B) Redistribution of HA-YIF1A by BFA treatment. Neurons were transfected with HA-YIF1A, treated with BFA (5 μg/ml) for 15 

min. fixed and labeled with anti-HA (red) and anti-GM130 (green). 

(C) Representative image of the cell body of a hippocampal neuron transfected with HA-YIF1A and labeled with anti-HA (red) 

and anti-ERGIC (green). Redistribution of HA-YIF1A after BFA treatment is shown in (D). 

(E) Summary of co-localization experiments. Pearson’s coefficient (rp) for YIF1A vs. ERGIC53/p58, YIF1A vs GM130 and VAPB 

vs. ERGIC53/p58 in control (black bars) and BFA treated cells (white bars). Twenty-three to 25 ROIs were analyzed for each 

condition. Error bars indicate SEM, ***P<0.001.

(F, G) Images of cell bodies of hippocampal neurons transfected with myc-VAPB and labeled with anti-myc (red) and anti-ER-

GIC53/p58 (green). BFA treatment has no effect on myc-VAPB distribution (G). Solid lines indicate the cell edges; the insets 

show magnifications of boxed areas and arrows indicate co-localization. Scale bar, 5 μm.
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examine the mobility of GFP-YIF1A molecules under the influence of increased VAPB levels. A 3 by 3 

µm region of the cell soma was bleached by high laser power and fluorescence intensity was mea-

sured over a period of ~5 minutes (Figure 6E). GFP-YIF1A fluorescence recovered rapidly in control 

neurons and reached a maximal recovery of ~90% within this time frame. In neurons co-express-

ing myc-VAPB the maximal recovery of GFP-YIF1A is decreased to ~70% (Figure 6E, F), indicating an 

increase in the immobile fraction of YIF1A molecules in the ER. Taken together these data suggest 

that the ER-resident protein VAPB indeed binds YIF1A in the ER and thereby inhibits its recycling to 

the ERGIC and Golgi.

YIF and VAP are required for normal dendrite morphology 

Studies in Drosophila neurons and recently in zebrafish suggest that VAPB has an important role 

in the transport of proteins to the axon [48,49] and that loss of VAP proteins affect neuron mor-

phology [15,17,49]. To assess the morphological effects of depleting YIF1, YIP1 and VAP proteins 

we analyzed the length of axons and dendrites in hippocampal neurons transfected at DIV 1 with 

VAPA/B-shRNAs, YIF1A/B-shRNAs or YIP1A-shRNA, together with β-galactosidase to visualize neu-

ron morphology (Figure 7A). Neurons were fixed at DIV 5 and immunofluorescent staining with 

antibody against tau was used to distinguish the axon from the dendrites (Figure 7B). Depletion of 

YIF1 and VAP, but not YIP1, caused a significant decrease in axonal length (Figure 7C). Previous data 

showed that ER-to-Golgi transport is particularly important for dendrite morphology [50]. Since 

YIF1, YIP1 and VAP proteins localize to the early secretory pathway in hippocampal neurons we 

wondered whether depletion of these proteins had any effect on dendrite morphology. Indeed, 

DIV 5 neurons showed a significant decrease in dendritic length when transfected with VAPA/B-

shRNAs, YIF1A/B-shRNAs and YIP1A-shRNA (Figure 7D). Because in DIV 5 neurons dendrites are short 

and hardly branched we used mature neurons to examine more closely the effect of VAP, YIF1 and 

YIP1 depletion on dendrite morphology. At DIV19, VAPA/B-shRNAs, YIF1A/B-shRNAs and YIP1A-shR-

NA transfected neurons showed a striking dendritic phenotype (Figure 7E). Quantitative analysis 

of the pattern of dendritic branching by Sholl analysis [51] revealed a simplified dendritic tree with 

reduced branching in proximal dendrites in neurons transfected with VAPA/B-shRNAs, YIF1A/B-shR-

NAs and YIP1A-shRNA (Figure 7F). The reduced dendritic complexity in the VAPA/B, YIF1A/B and 

YIP1A knock-down neurons, was also revealed by measuring the total dendritic length, counting the 

number of primary dendrites directly emanating from the soma, and analysing the total number of 

dendritic tips (Figure 7G-I). Similar results were obtained with independent VAPA, VAPB, YIF1A and 

YIF1B shRNA sequences (Supplementary Figure S3). In summary, the early secretory pathway com-

ponents VAPA/B, YIF1A/B and YIP1A are required for normal dendrite morphology in early and later 

stages of dendrite development.

YIF and VAP are required for intracellular membrane delivery into dendrites

The trafficking of new membrane proteins is essential for normal dendritic growth and morphology 

[52]. We next determined whether YIF1 and VAP proteins play a role in the delivery of vesicles or cel-

lular material to dendrites. Recent papers show that YIF1B mediates the transport of the serotonin 
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Figure 5. Effect of VAP knockdown on YIF1A localization in cultured hippocampal neurons

(A, B) Representative images of cell bodies of hippocampal neurons co-transfected at DIV16 for 4 days with HA-YIF1A (red), 

GFP and pSuper control vector (A) or pSuper-VAPA and pSuper-VAPB shRNAs (B). VAP-knockdown results in relocalization 

of HA-YIF1A. 

(C-F) Cell bodies of neurons co-transfected with HA-YIF1A (red) and pSuper control vector (C, E) or pSuper-VAPA and pSu-

per-VAPB shRNAs (D, F). Neurons were stained for either GM130 (C, D) or ERGIC53/p58 (E, F). Solid lines indicate the cell edges. 

Scale bar, 5 μm.

(G) Summary of co-localization experiments. Pearson’s coefficient (rp) for YIF1A vs. ERGIC53/p58 and GM130 in control (black 

bars) and VAP knockdown neurons (white bars). Seventeen to 23 ROIs were analyzed for each condition. Error bars indicate 

SEM, ***P<0.001. 
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G-coupled receptor (5-HT1A) to dendrites [45,53], however after transfection with VAPA/B-shRNAs 

or YIF1A/B-shRNAs we do not find changes in YFP-5HT1A receptor localization to mature dendrites 

(Supplementary Figure S4). Previous studies showed that the small GTPase Sar1, a critical regulator 

of ER-to-Golgi transport, controls dendritic growth through the delivery of membrane vesicles to 

dendrites [50]. We therefore hypothesized that the observed morphological phenotype is caused 

by a decrease in membrane supply to the dendrites. To see whether VAP and YIF knockdown affect 

membrane trafficking in primary hippocampal neurons we employed fluorescence recovery after 

photobleaching (FRAP) experiments. To examine the membrane supply from the soma to the den-

drites we marked membrane with the fluorescent transmembrane protein CD8-GFP [50,54]. After 

photo-bleaching one entire dendrite the fluorescence recovery in the same dendrite was moni-

tored immediately over a time period of 20 or 30 min. The fluorescence recovery, due to supply from 

the soma, in the proximal dendrite (35 μm from the soma) was used for quantifications. In control 

neurons, CD8-GFP fluorescence recovered to ~70% (Figure 8A, C, D; Supplementary Figure S5). The 

recovery could be fit with a double exponent (f) with 2 time constants (τ) of 36 ± 5 s and 476 ± 15 

s (Supplementary Figure S5). To determine the source of GFP-CD8 recovery, we conducted several 

control experiments that indicate that the majority of GFP-CD8 recovery depends on intracellular 

trafficking in the secretory pathway but not on surface diffusion or local protein synthesis (Sup-

plementary Figure S5). Next, we depleted VAP, YIF1 or SAR1 to test whether there is an effect on 

membrane delivery to dendrites. Sar1-shRNA, as well as VAPA/B and YIF1A/B-shRNAs significantly 

reduced the delivery of CD8-GFP from the soma to the dendrites to ~40-60%, as evident from the 

recovery curve (Figure 8B, C) as well as the maximal recovery (Figure 8D). These results show that 

VAP and YIF are required for the intracellular delivery of membrane, labeled by CD8-GFP, from soma 

to dendrites.

VAPB-P56S traps YIF1A in aggregates and thereby affects its localization 

The P56S mutant form of VAPB is associated with motor neuron disorder amyotrophic lateral scle-

rosis type 8 (ALS8). VAPB-P56S proteins aggregate and form multiple spherical inclusions in cellular 

and invertebrate model systems. As in COS-7 cells (Figure 1F), HA-YIF1A is recruited to the myc-VAPB-

P56S inclusions in neurons (Figure 9A). Consistent with the data that the interaction depends on the 

transmembrane domain of VAPB-P56S, replacement of this region with a different, unrelated trans-

membrane domain prevents YIF1A recruitment to VAPB inclusions (Figure 9B). In cells transfected 

with wild-type VAPB, YIF1A strongly co-localized to the ERGIC after BFA treatment (Figure 4D and 

Figure 9C). Interestingly, in VAPB-P56S expressing cells, YIF1A is absent from the ERGIC structures 

even after BFA treatment (Figure 9D). These data suggest that when VAPBP-P56S is present, YIF1A 

loses its localization to the ERGIC. In contrast, the YIF1A binding protein Flag-YIP1A and YPF-ER-

GIC53/p58 do not co-localize with these VAPB-P56S/YIF1A positive aggregates (Figure 9E-H). 

 The MSP domain in VAP proteins binds to the ‘two phenylalanines in an acid tract’, or ‘FFAT’ 

motif found in several cytoplasmic lipid-binding proteins, including OSBPL9 and NIR2 [18,23,55]. 

In this way, VAP proteins may act as docking sites for cytoplasmic factors to interact with the ER, 

coordinate lipid transfer between ER and Golgi apparatus or maintain the structure of the ER by 

ALS8 protein VAPB interacts with YIF1A
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interacting with the cytoskeleton [14,20,56]. It was recently shown that the P56S substitution in 

VAPB induces conformational changes within the MSP domain and perturbs FFAT-motif binding 

[18,42]. Consistent with these results FFAT-motif containing proteins OSBPL9 and NIR2 are absent 

from YIF1A positive VAPB-P56S aggregates in neurons (Supplementary Figure S6). Together these 

results suggest that both perturbation of FFAT-dependent association with the ER and mislocaliza-

tion of YIF1A both could contribute to the pathological mechanisms observed in ALS8. 
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Figure 6. VAPB overexpression relocalizes YIF1A 

(A-C) Hippocampal neurons transfected with HA-YIF1A and stained with anti-HA (green) and anti-ERGIC53/p58 (blue). 

Co-transfection with either myc-VAPB (B) or FLAG-YIP1A (C) results in relocalization of HA-YIF1A. Solid lines indicate the cell 

edges and panels on the right side show enlargements of the boxed regions. Scale bar, 5 μm.

(D) Summary of co-localization experiments. Pearson’s coefficient (rp) for YIF1A vs. ERGIC53/p58 and GM130 in control 

(black bars), VAPB overexpressing (red bars) and YIP1A overexpressing neurons (white bars). Thirteen to 23 ROIs were ana-

lyzed for each condition.

(E) Fluorescent recovery plots showing the rates of GFP-YIF1A recovery in cell bodies of control neurons and neurons over-

expressing VAPB. Fluorescent intensity was normalized to intensity before bleaching. P=0.008; repeated measures ANOVA.

(F) Histogram representing the maximal recovery of fluorescence (estimated mobile fraction) in hippocampal neurons express-

ing GFP-YIF1A with (n=11) or without VAPB overexpression (n=10). Data are presented as means ± SEM, *P<0.05 ***P<0.001.
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DISCuSSIon

In this study we identified YIF1A as a new VAPB binding partner and we showed that, in contrast to 

other VAPB interaction partners, YIFIA does not bind to the MSP domain of VAPB, but via its trans-

membrane domain interacts with the transmembrane domain of VAPB. In hippocampal neurons we 

showed that VAPB-YIF1A interaction controls the shuttling of YIF1A between the ERGIC and the ER 

and plays an important role in early secretory events in neurons, promoting membrane trafficking 

and normal dendritic growth. In addition we show that YIF1A, in contrast to other VAPB interaction 

partners also binds ALS8-mutant VAPB and co-accumulates in abnormal ER derived structures. We 

propose that the mislocalization of YIF1A into VAPB-P56S aggregates could contribute to patholog-

ical mechanisms observed in VAPB associated motor neuron diseases.

YIF1A interacts with VAPB in the early secretory pathway

VAPB has been implicated in multiple cellular functions, either as a conserved ER anchoring protein, 

or as a secreted signaling molecule in invertebrates [19,22]. Proteins with a FFAT or a FFAT-like motif 

that can bind the FFAT-motif binding site in the MSP domain of VAPA and VAPB represent a major 

group of VAPB interacting proteins. FFAT-motif proteins include oxysterol binding proteins (OSBPs), 

OSBP-related proteins (ORPs) and NIR proteins [20,38,55,57] and have been shown to play a role in 

ER structure [20,37,58] and the transport of membrane lipids [14,57]. Other proteins with FFAT-like 

motifs include for instance PKA anchoring proteins that could play a role in cAMP signaling on the 

ER [59]. In addition, an outer mitochondrial membrane protein (PTPIP51) was shown to interact with 

VAPB [60] putatively via FFAT-like motifs, although the basis for this interaction was not studied [59]. 

In contrast to the previously described VAP binding partners, the interaction with YIF1 occurs via 

the transmembrane domain, although we cannot fully exclude a role for the cytosolic VAPB domain. 

During submission of this paper another study reported a similar transmembrane mediated inter-

action between Drosophila VAP and Sac1, a phosphoinositide phosphatase [49]. YIF1A and YIF1B 

in mammals are homologous to Yif1p in yeast. Yif1p is located to the Golgi membrane and COPII 

vesicles, forms a tight complex with its family member Yip1p and plays an important role in early 

secretory transport in yeast [35,61,62]. Cell-free assays and thermosensitive yeast strains demon-

strated that Yif1p and Yip1p play a critical role in the biogenesis of ER-derived COPII transport ves-

icles [33,47]. Recent genome-wide RNA interference screens in Drosophila S2 and HeLa cells found 

that depletion of YIF1 or YIP1 inhibits secretion, indicating that YIF1/YIP1 are functionally conserved 

components of the secretory pathway [63,64]. We find that YIF1A is predominantly localized to the 

ERGIC and recycles between the ER and Golgi in hippocampal neurons. In agreement with these 

results, proteomics analysis identified YIF1A in ERGIC enriched membranes [65] and brefeldin A 

treatment of HeLa cells results in YIF1A accumulations in the ERGIC [36]. Our data indicate that VAPB 

and YIF1A are both needed for an efficient transition of membrane cargo through the early secre-

tory pathway in neurons. Furthermore, we show that, while YIF1A is cycling between ER and Golgi, 

VAPB is restricted to the ER and is not present in ERGIC or Golgi, indicating that YIF1A-VAPB binding 

is most likely to occur in the ER membrane (Supplementary Figure S7). We hypothesize that YIF1A 

ALS8 protein VAPB interacts with YIF1A
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Figure 7. YIF1 and VAP are required for normal dendrite morphology 

(A) Hippocampal neurons co-transfected at DIV 1 with indicated constructs and β-galactosidase to visualize morphology. 

(B) Representative image of a hippocampal neurons (DIV 5) co-transfected with empty pSuper and β-galactosidase and 

costained with Tau (green) to highlight the axon.

(C, D) Quantification of total axonal length and dendritic length after 4 days overexpression of knockdown constructs or 

empty pSuper as control (14–16 cells were analyzed for each condition). 

(E) Hippocampal neurons co-transfected at DIV 15 with indicated constructs and β-galactosidase to visualize morphology. 

(F) Sholl analysis and quantification of the total dendritic length (G), number of primary dendrites (H) and dendritic tips (I) 

after 4 days overexpression of knockdown constructs or empty pSuper as control (15–17 cells were analyzed for each condi-

tion). Error bars indicate SEM, **P<0.01, ***P<0.001. Scale bars represent 50 μm.
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is retained in the ER membrane by its interaction with VAPB which subsequently allows specific 

membrane lipids and/or cargo proteins to concentrate at ER exit sites before budding off in carriers 

destined for further transport towards the ERGIC and cis-Golgi membrane [66,67]. Moreover, inter-

actome analyses in yeast revealed that the Yip1p/Yif1p family proteins associate with a large range 

of gene products that function in the vesicular transport pathway, including SNAREs, Rab GTPases, 

ARFGAP and sorting nexins [68,69]. Future studies using cell-free assays driven by purified proteins 

that recapitulate protein transport between the ER and the Golgi complex will help to elucidate the 

mechanisms regulating the interplay between VAPB, YIF1A and the other components of the ER to 

Golgi trafficking pathway and advance our understanding of the biogenesis of transport carriers in 

the early secretory transport.

YIF and VAP are required for intracellular membrane delivery into dendrites 

The early secretory pathway is fundamentally important for neuronal development and function 

[10-13], and some lines of evidence suggest that the organization of secretory trafficking in neurons 

differs in several ways from the pathways in non-neuronal cells [11,70,71]. In particular components 

of the ER, ERGIC and Golgi have been identified in dendrites, specifically localizing at branch points 

and close to dendritic spines [4,8,9,72]. Here we identify VAPB and YIF1A as early secretory trafficking 

components that are required for membrane transport and important for normal dendrite mor-
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Figure 8. YIF1 and VAP play a role in membrane  

trafficking in primary hippocampal neurons 

(A, B) Representative images of membrane-bound GFP 

(CD8-GFP) moving from soma into dendrites in hippo-

campal neurons (DIV 16-19) co-expressing CD8-GFP with 

either empty pSuper control vector (A) or YIF1A and YIF1B 

shRNAs (B). Boxed area indicates photobleached den-

dritic region. In the right panel, proximal part of photo-

bleached dendrite is shown. Scale bar, 20 μm.

(C) Fluorescent recovery plots showing the rates of CD8-

GFP recovery in photobleached dendrites of control and 

knockdown neurons. Fluorescent intensity was normal-

ized to intensity before bleaching. P<0.001 for YIF1A/B vs 

control, P=0.033 for VAPA/B vs control and P=0.008 for 

SAR1A/B vs control (repeated measures ANOVA followed 

by Tukey’s post-hoc test).

(D) Maximal fluorescence recovery. Nine to 15 cells were 

analyzed for each condition. Data are presented as 

means ± SEM, *P<0.05, **P<0.01, ***P<0.001; one-way 

ANOVA, Tukey’s post-hoc test.
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phology. First we showed that VAPB is able to retain YIF1A in the ER thereby regulating its recycling 

to ERGIC and Golgi. Depletion of VAP proteins results in a re-localization of ERGIC protein YIF1A 

to the Golgi, indicating that VAPB regulates trafficking of YIF1A through the ERGIC. Recent studies 

showed that disruption of VAPB affects ER to Golgi transport and anterograde VSVG trafficking in 

HeLa cells [14,73]. Second, depletion of VAP, YIF1 as well as YIP1 affects dendrite morphology. This 

is consistent with the observed dendritic phenotype in secretory trafficking deficient Drosophila 

mutants [50]. Third, we show that both VAPA/B and YIF are required for a normal membrane supply 

to dendrites, indicating that the observed effect on dendrite morphology is caused by a defect in 

early secretory trafficking. The fact that other proteins of the ER to Golgi trafficking pathway, such as 

Sar1, also affect dendritic growth and membrane trafficking [50] strengthens the model that VAPB 

and YIF1A have an important role in the secretory transport. Interestingly, YIF1B has been shown 

to play a role in the neuronal ER-Golgi trafficking machinery by specific targeting the serotonin 

G-coupled receptor (5-HT1A) to dendrites [45]. A recent follow-up study proposed that YIF1B acts as 

a scaffolding complex that recruits 5-HT1A together with Yip1A and Rab6 in dendritic transport ves-

icles [53]. These results imply that at least YIF1B, and possibly other Yip1p/Yif1p family proteins play 

a role in the anterograde transport of a limited subset of cargo molecules from the ER to the Golgi. 

Although in our study we do not find evidence that YIF1 or VAP play a role in the transport of the 

serotonin receptor we believe that defects in the transport of specific proteins under the influence 

of VAP or YIF impairments are difficult to measure as other, unconventionally, transport routes can 

be used as default [74].

YIF1A and amyotrophic lateral sclerosis type 8 (ALS8)

The P56S mutation in the gene encoding VAPB causes ALS 8 and some other related forms of motor 

neuron disease [25]. Several studies already showed that VAPB-P56S induces the formation of 

abnormal ER-derived inclusions, perturbs ER-Golgi trafficking and triggers ER stress [17,18,25,29,75-

77]. Ubiquitin [77] and BAP31 [75] have been described to accumulate in the VAPB-P56S clusters 

suggesting that mutant VAPB-induced aggregation is part of the endoplasmic reticulum (ER)-asso-

ciated degradation pathway. Mutant VAPB-P56S also induces the co-aggregation of wild-type VAPB, 

suggesting a dominant-negative mode of pathogenesis [18]. Disruption of ER and Golgi structure 

and function has previously been suggested as a possible pathological mechanism for neurode-

generative diseases [78-82]. How VAPB-P56S disrupts protein trafficking between the ER and Golgi 

Chapter 04

Figure 9. Mutant VAPB expression results in recruitment of YIF1A to clusters

(A) Co-transfection of hippocampal neurons with HA-YIF1A (red) and myc-VAPB-P56S (green) shows that YIF1A is recruited to 

the VAPB-P56S clusters. The far right panel shows enlargement of a dendrite. 

(B) Hippocampal neuron co-transfected with VAPB-P56S-CD8TM (green) and HA-YIF1A (red).

(C, D) Images show that in presence of overexpressed wildtype VAPB, HA-YIF1A localizes to ERGIC after BFA treatment. How-

ever, when VAPBP-P56S is expressed YIF1A loses its localization to the ERGIC. 

(E-G) Neurons co-transfected with HA-YIF1A (green) and either Flag-YIP1A (D), myc-VAPB-P56S (E) or both (F).

(H) Hippocampal neuron co-transfected with myc-VAPB-P56S (blue), YFP-ERGIC (green) and HA-YIF1A (red). Scale bar, 5 μm
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and how this may lead to the pathogenesis of ALS8 is not yet understood. The identification of 

the VAPB-YIF1A interaction and its role in early secretory transport raises the possibility that YIF1A 

might be involved in the development of neurodegenerative diseases. Both YIF1A and YIF1B are 

ubiquitously expressed in the CNS [45] and a microarray analysis showed downregulation of YIF1A 

in motor neurons isolated from the spinal cord of SOD1-G93A transgenic mice, a model for familial 

ALS [83]. This suggests that YIF1A could be a potential factor involved in the multi-factorial caus-

es leading to ALS. Although the relevance of our observations to heterozygous patients remains 

uncertain (as our observations are under overexpression conditions), our model suggests that mis-

localization of YIF1A to aggregates leads to a defect in secretory trafficking and a subsequent inhi-

bition of dendritic growth and maintenance. Defects in neuronal secretory trafficking already have 

been shown to specifically affect dendritic but not axonal growth [50,72], which is probably due 

to the absence of Golgi and pre-Golgi intermediates in the axon. Dendritic alterations have been 

documented in mouse models for motor neuron dysfunction [84] and in ALS affected patients [85]. 

In patients, dendrites in anterior horn cells are shorter and thinner, or are lost [86,87]. Moreover, loss 

and atrophy of dendrites was found in motor neurons in the spinal cord [88]. Similarly, in presymp-

tomatic SOD1-G93A transgenic mice dendrites in the motor cortex show signs of degeneration and 

in the prefrontal cortex a reduction in the length of basal dendrites and branch points was observed 

[89,90]. Changes in dendritic architecture are indicative of defects in neuronal function and con-

nectivity, and could be contributing to the development of sites of degeneration. Though there is 

overwhelming evidence for axonal transport dysfunctions in the pathogenesis of ALS [91,92], our 

study indicates that alterations in dendritic structure and trafficking may also play an important role 

in neurodegeneration. A recent study has reported mild late onset motor deficits in VAPB-deficient 

mice in the absence of axonal and neuromuscular junction abnormalities [49]. Whether these mice 

develop dendritic abnormalities and the degree of compensation of VAPB deficiency by VAPA in 

these mice requires further investigation. 

 In conclusion, we have identified YIF1A as a novel binding partner of VAPB and established a 

key role for these proteins in the neuronal early secretory pathway. We found that both VAP and YIF1 

proteins are important for proper membrane trafficking and normal dendrite growth. Moreover, 

the ALS-linked mutant VAPB-P56S recruits YIF1A to aggregates and disrupts its normal localization 

to ERGICs. Understanding the cellular function of VAPB may indicate what molecular and cellular 

events are associated with the disease process of ALS8. Our current findings provide new molecular 

targets to investigate VAPB-linked neurodegeneration. It is likely that this information will be of 

relevance to both the inherited condition and the more common sporadic forms of disease. 
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MATERIALS AnD METHoDS

Expression constructs and shRNA
The following mammalian expression plasmids have been described previously: bio-HA-VAPB, GFP-VAPB-TMD, 
GFP-VAPB, HA- and myc-tagged VAPA, VAPB and VAPA/B-P56S constructs [18], protein-biotin ligase BirA [93], 
flag-YIF1B [45], flag-YIP1A [94], ERGIC/p58-YFP [95] and CD8-GFP [54]. Bio-GFP-VAPB, Bio-HA-VAPB-P56S and 
Bio-HA-VAPA were generated by incorporating a biotinylation-tag (MSGLNDIFEAQKIEWHE) before the GFP- or 
HA-tagged mutant or wildtype VAPA/B construct. VAPB-P56S-CD8TM was made by removing the transmem-
brane domain of VAPB-P56S and adding the transmembrane domain of CD8 with a PCR-based strategy using 
HA-VAPB-P56S and GFP-CD8 as a template and subcloned into a pβactin expression vector. Full-length and 
truncated human YIF1A constructs were generated by PCR using IMAGE clone 3451489 as template and cloned 
into HA- and GFP-tagged pGW1-expression vectors. For bio-GFP-YIF1A a biotinylation-tag was inserted in front 
of the pEGFP-C2 (Clontech) and the YIF1A openreading frame subsequently subcloned in the biotin-tag-GFP 
vector. GFP-YIF1A IxxxI was generated from GFP-YIF1A by introducing G154I, G158I, G222I and G226I mutations 
using a PCR-based strategy. GFP-YIF1B was generated by a PCR-based strategy using flag-YIF1B and subcloned 
into a GFP-tagged pGW1-expression vector. Sp-BirA was made by incorporating the Ig kappa light chain lead-
er sequence (METDTLLLWLLLLWVPGSTG) at the N-terminus of BirA and myc-tag at its C-terminus in a pSCT 
expression vector. The following shRNA sequences were used in this study: VAPA#1 and #2 and VAPB#1 shR-
NA constructs [18] and rat VAPB#2 (5΄-GTTTATGGTTCAGTCTATG-3΄), YIF1A#1 (5΄-CCATGGCCTTCATCACATA-3΄), 
rat YIF1B#1 (5΄-GTACTCATGTACTGGCTCA-3΄), rat YIF1B#2 (5΄-GCCATGGCTTTCATAACCT-3΄), rat SAR1A (5΄-AAC-
CACTCTTCTTCACAT-3΄) and rat SAR1B (5΄-AACTACCTTCCTGCTATCA-3΄) sequences were designed based on 
previously published sequences [41,45,50]. The targeting sequences for rat YIP1A (5΄-GCAGTATGCTGGCTGT-
GAG-3΄) and YIF1A#2 (5΄-GAAGCTAGGGCTATTGGTC-3΄) were designed by using the siRNA selection program 
at the Whitehead Institute for Biomedical Research (http://jura.wi.mit.edu/bioc/siRNAext/home.php) [96]. The 
complementary oligonucleotides were annealed and inserted into a pSuper vector [97]. Unless otherwise spec-
ified, all VAP and YIF shRNAs presented in the paper refer to shRNAs#1.

Antibodies and reagents
The following antibodies were used for immunocytochemistry: rabbit-anti-VAPB and rabbit-anti-VAPA (1:500, 
[18]; NIR2 (1:500) [98], OSBPL9 (1:600) [56]; human-anti-EEA1 (1:500) [99]. The following antibodies were obtained 
from commercial sources: mouse-anti-tau (1:500, Chemicon); mouse-anti-disulfide isomerase (PDI; 1:300, Affin-
ity BioReagents); mouse-anti-GM130 (1:1000, BD Biosciences); mouse-anti-HA (1:500, Roche); mouse-anti-MAP2 
(1:2000, Sigma); mouse-anti-myc (1:200, Santa Cruz Biotechnology); mouse-anti-flag (1:2000, Sigma); rabbit-an-
ti-ERGIC53/p58 (1:200, Sigma); rabbit-anti-HA (1:500; Santa Cruz Biotechnology); rabbit-anti-flag (1:2000, Sigma); 
rabbit-anti-myc (1:200; Cell Signaling Technology); rabbit-anti-β-galactosidase (1:2000, MP Biomedicals); rat-an-
ti-HA (1:200, Roche); mouse-anti-CD8 (1:20, Mabtech); Alexa Fluor 488–, Alexa Fluor 598–, and Alexa Fluor 633–
conjugated secondary antibodies (1:400, Invitrogen) and Cy5-conjugated secondary antibody (1:400, Jackson 
ImmunoResearch Labs). The following antibodies were used for Western blot analysis: rabbit anti-GFP (1:1000, 
Abcam); rabbit anti-HA (1:500, Santa Cruz); mouse anti-HA (1:500, Covance) and HRP conjugated secondary 
antibodies (1:5000, Dako). Brefeldin A and cycloheximide were obtained from Sigma. 

Transfection and immunofluorescence of cultured COS-7 cells
COS-7 cells were cultured in DMEM/Ham’s F10 (50/50%) medium containing 10% FCS and 1% penicillin/strepto-
mycin. Two days before transfection, cells were plated at 1:30 in Lab-tek chamber slides (Nunc). Cells were trans-
fected with Fugene6 (Roche) according to the manufacturers protocol and incubated overnight. Cells were 
fixed in 4% paraformaldehyde for 10 min at room temperature followed by 5 min in 0.1% Triton X-100 in PBS. 

ALS8 protein VAPB interacts with YIF1A
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Slides were blocked in 0.5% BSA/0.02% glycine in PBS and labeled with primary antibody for 2 h at room tem-
perature. Slides were washed three times with 0.05% Tween20 in PBS, labeled with secondary antibodies for 
1 hour at room temperature, washed three times with 0.05% Tween20 in PBS and mounted using Vectashield 
mounting medium (Vector laboratories). Images were acquired using a Leica DMRBE microscope equipped 
with 40× and 100x oil objectives. 

Animals
All animal experiments were performed in compliance with the guidelines for the welfare of experimental ani-
mals issued by the Federal Government of The Netherlands. All animal experiments were approved by the 
Animal Ethical Review Committee (DEC) of the Erasmus Medical Center and Utrecht University

Hippocampal neuron cultures, transfection and immunohistochemistry
Primary hippocampal cultures were prepared from embryonic day 18 (E18) rat brains [100,101]. Cells were plat-
ed on coverslips coated with poly-L- lysine (35 μg/ml) and laminin (5 μg/ml) at a density of 75,000/well. Hip-
pocampal cultures were grown in Neurobasal medium (NB) supplemented with B27, 0.5 mM glutamine, 12.5 
μM glutamate and penicillin/streptomycin. Hippocampal neurons were transfected using Lipofectamine 2000 
(Invitrogen). Briefly, DNA (3.6 μg /well) was mixed with 3 μl of Lipofectamine 2000 in 200 μl of NB, incubated for 
30 min, and then added to the neurons in NB at 37°C in 5% CO2 for 45 min. Next, neurons were washed with 
NB and transferred in the original medium at 37°C in 5% CO2. After 2-4 days of transfection, neurons were fixed 
with 4% paraformaldehyde/4% sucrose in PBS, washed three times in PBS for 10 min and incubated with the 
indicated primary antibodies in GDB buffer (0.2% BSA, 0.8 M NaCl, 0.5% Triton X-100, 30 mM phosphate buffer, 
pH 7.4) overnight at 4°C. Neurons were then washed three times in PBS for 30 min, incubated with secondary 
antibodies in GDB for 1hr at room temperature and washed three times in PBS for 30 min. Slides were mount-
ed using Vectashield mounting medium (Vector laboratories). Images for co-localization measurements were 
acquired using a Nikon microscope equipped with a 100x oil objective. Confocal images were acquired using a 
LSM510 confocal microscope (Zeiss) with a 40× or 63× oil objective. 

Immunoprecipitation
HEK293T cells were cultured in DMEM/Hams-F10 (50/50%) medium containing 10% FCS and 1% penicillin/
streptomycin and were transfected using Lipofectamine2000 (Invitrogen). Cells were harvested 24 h after 
transfection, by scraping the cells in ice-cold PBS and lysing cell pellets in lysis buffer (50 mM Tris-HCl, 100 
mM NaCl, 1.0% Triton X-100 and protease inhibitors (Roche). Supernatant and pellet fractions were separated 
by centrifugation at 13,200 rpm for 5 minutes. Supernatants were mixed with an equal amount of lysis buffer, 
protein-A-agarose beads (GE Healthcare), and 3 μg of rabbit anti-GFP, mouse anti-HA or control IgG (Sigma). 
Samples were incubated 4 hours while rotating at 4°C, centrifuged at 2000 rpm and pellets were washed three 
times with lysis buffer. Samples were mixed with 4x Sample Buffer (8% SDS, 25% Glycerol, 0.05 M Tris pH 6.8, 
200 mM DTT, 40 mg/l Bromophenol Blue) and boiled. Equal amounts of protein was loaded onto SDS-PAGE gels 
and subjected to western blotting on polyvinylidene difluoride membrane. Blots were blocked with 2% bovine 
serum albumin/0.05% Tween 20 in PBS and incubated with primary antibodies at 4°C overnight. Blots were 
washed with 0.05% Tween 20 in PBS three times for 10 min at room temperature and incubated with secondary 
antibodies conjugated to horseradish peroxidase (Dako). Blots were developed with enhanced chemilumines-
cent Western blotting substrate (Pierce).

GST pull-down
Full-length wildtype and mutant VAPB GST fusion proteins were obtained as described earlier [18]. HEK293T 
cells were transfected as described before with HA-YIF1A, HA-YIF1A (1-131), HA-YIF1A (131-193) and HA-YIF1A 
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(198-293) and lysed in 50 mm Tris-HCl, 100 mm NaCl, and 1% Triton X-100 containing protease inhibitors (Roche). 
Lysates were incubated with GST beads (GE Healthcare Bio-Sciences) for 2 h at 4°C, washed four times with lysis 
buffer, and analyzed by SDS-PAGE and Western blotting as described before. 

Biotin-streptavidin pull-down and mass spectrometry
For biotin-streptavidin pull-down assays, HeLa or HEK293T cells were transfected with biotin-tagged VAPB 
using Lipofectamine-2000 (Invitrogen) transfection reagent according to the manufacturer’s instructions. Cells 
were lysed 16 h later in 20 mm Tris-HCl, pH 8.0, 150 mm KCl, 1% Triton X-100, and protease inhibitors (Roche). 
To increase the solubility of VAPB-P56S, transfected cells were incubated for 2 h at 20°C before lysis. Cell lysates 
were centrifuged at 13,000 rpm for 15 min and the supernatants were incubated with Dynabeads M-280 strepta-
vidin (Dynal; Invitrogen) for 45 min. Beads were separated by using a magnet (Dynal; Invitrogen) and washed 
five times in lysis buffer. For protein elution, the beads were boiled in NuPAGE LDS 4 sample buffer (Invitrogen), 
separated, and supernatants were run on a 10% NuPAGE Bis-Tris gel (Invitrogen). The gel was stained with the 
Colloidal Blue staining kit (Invitrogen) and analyzed by Western blotting. Mass spectrometry was performed 
as described previously [93]. The Mascot score cut-off value for a positive protein hit was set to 100. Individual 
peptide tandem mass spectrometry spectra with Mascot scores below 100 were checked manually and either 
interpreted as valid identifications or discarded. Proteins present in the negative controls (pull-down assays 
with bio-GFP alone) were regarded as background.

Photobleaching experiments
For quantitative fluorescence recovery after photobleaching (FRAP) experiments, neurons were transfected 
as described before, and imaged on a Nikon Eclipse TE2000E (Nikon) equipped with an incubation chamber 
(INUG2-ZILCS-H2; Tokai Hit) mounted on a motorized stage (Prior) [102]. Coverslips (24 mm) were mounted in 
metal rings and maintained at 37°C and 5% CO2. A dendrite or a 3x3 µm ROI in the cell body was photobleached 
with high laser power. Immediately after photobleaching, images of GFP-fluorescence were acquired using 
a 40× objective (Nikon) and a Coolsnap HQ camera (Photometrics). Intensity of GFP signal in dendrites was 
measured over a length of 30 μm from the soma with MetaMorph image analysis software (Universal Imaging). 
Background intensity was subtracted and fluorescence intensity after photobleaching was calculated relative 
to the intensity before bleaching. Sigmaplot 12.3 software was used to perform curve fitting. 

Image Analysis and Quantification
Measurement of neurite outgrowth: To measure neurite length we used β-galactosidase as an unbiased cell-
fill. Hippocampal neurons were transfected with the indicated constructs, fixed at the appropriate time point 
and subjected to immunofluorescent staining. Confocal images were obtained at 1024 × 1024 pixel resolution 
using a LSM510 confocal microscope (Zeiss) with a 40x oil objective (0.7 digital zoom). Each image was a z-series 
of images; the obtained stack was “flattened” into a single image using maximum projection. Morphometric 
analysis and quantification were performed using MetaMorph image analysis software (Universal Imaging). 
For measurement of total dendrite or axonal length, all dendrites or axons of individual neurons were traced. 
All non-axonal protrusions initiating from the cell soma longer than 10 μm were defined as primary dendrites. 
For dendrite tip number, tips of all nonaxonal protrusions longer than 10 μm were counted. For Sholl analysis, 
concentric circles with 16 μm differences in diameter were automatically drawn around the cell body, and the 
number of dendrites crossing each circle was counted. 
Co-localization of two fluorescent signals: Co-localization of two fluorescent signals was indicated by the Pear-
son’s coefficient (rp), determined using the JACoP plugin [103] for ImageJ. For each cell, 3 regions of interest 
(ROIs) were selected; n was defined as the number of ROIs.

ALS8 protein VAPB interacts with YIF1A

4

ORDER_CWP_MARIJNKUIJPERS_THESIS.indd   79 22-04-14   22:52



80

Statistical analyses
Statistical analyzes were performed with MS Excel or SPSS software. Data were averaged over multiple cells 
and statistical analysis was performed with student’s t-test, one-way ANOVA or repeated measures ANOVA and 
Tukey’s post-hoc test. P<0.05 was considered significant.

Supplementary data
Supplementary data are available at The EMBO Journal Online

(http://www.embojournal.org).
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Chapter 05

ABSTRACT

Background: Protein aggregation and the formation of intracellular inclusions are a central feature 

of many neurodegenerative disorders, but precise knowledge about their pathogenic role is lacking 

in most instances. Here we have characterized inclusions formed in transgenic mice carrying the 

P56S mutant form of VAPB that causes various motor neuron syndromes including ALS8. 

Results: Inclusions in motor neurons of VAPB-P56S transgenic mice are characterized by the pres-

ence of smooth ER-like tubular profiles, and are immunoreactive for factors that operate in the ER 

associated degradation (ERAD) pathway, including p97/VCP, ER, and the ER membrane chaperone 

BAP31. The presence of these inclusions does not correlate with signs of axonal and neuronal degen-

eration, and axotomy leads to their gradual disappearance, indicating that they represent reversible 

structures. Inhibition of the proteasome and knockdown of the ER membrane chaperone BAP31 

increased the size of mutant VAPB inclusions in primary neuron cultures, while knockdown of TEB4, 

an ERAD ubiquitin-protein ligase, reduced their size. Mutant VAPB did not codistribute with mutant 

forms of seipin that are associated with an autosomal dominant motor neuron disease, and accu-

mulate in a protective ER derived compartment termed ERPO (ER protective organelle) in neurons.

Conclusions: The data indicate that the VAPB-P56S inclusions represent a novel reversible ER quality 

control compartment that is formed when the amount of mutant VAPB exceeds the capacity of the 

ERAD pathway and that isolates misfolded and aggregated VAPB from the rest of the ER. The pres-

ence of this quality control compartment reveals an additional level of flexibility of neurons to cope 

with misfolded protein stress in the ER.
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Mutant VAPB inclusions

BACKGRounD

Protein aggregation is a central feature of many neurodegenerative disorders, including Alzheimer’s 

disease, Parkinson’s disease and amyotrophic lateral sclerosis (ALS). Aggregation-prone proteins 

may accumulate into discrete micrometer-scale structures that are termed inclusions, inclusion 

bodies, aggregates or have disease or morphology specific names (e.g. Lewy bodies, Pick bodies, 

neurofibrillary tangles), and can be correlated to specific disorders [1]. Not only the protein com-

position, but also the morphologies as well as (sub) cellular and regional distributions of inclusions 

can be correlated to specific disorders and subtypes of disorders [1-3]. Depending on the type of 

disorder and inclusion, inclusions may be either neuroprotective, neutral or detrimental structures, 

and precise knowledge about their characteristics is instrumental for our understanding of neuro-

degenerative disorders [1,4].

 A peculiar inclusion that is ultrastructurally characterized by the presence of ER-derived mem-

branous profiles occurs in cellular and invertebrate models of a familial ALS-like disorder designated 

ALS8 [5-7]. ALS8 is caused by mutations in VAPB [8], a small tail-anchored ER membrane protein that 

is member of a conserved VAP (VAMP/synaptobrevin-associated proteins) family of proteins. Several 

VAPB mutations have been identified, but so far only a P56S mutation is yet known to co-segre-

gate with disease [8,9]. VAP proteins are characterized by an N-terminal MSP (major sperm protein) 

domain, a coiled-coil motif, and a C-terminal transmembrane region, and in mammals consists of 

two genes, VAPA and VAPB [10,11]. The MSP domain (named after C. elegans MSP) contains a bind-

ing site for the FFAT (diphenylalanine [FF] in an acidic tract) that are present in a variety of pro-

teins [12,13]. In addition, the MSP domain may function as a secreted ligand after cleavage from the 

transmembrane domain [6]. VAPs have been implicated in multiple function including non-vesicu-

lar transfer of lipids and membrane trafficking, ER-organelle and ER-cytoskeleton interaction and 

homeostatic and signaling functions at the neuromuscular synapse [11,14-16]. 

 The P56S mutation causes rapid oligomerization and aggregation of mutant VAPB, and typi-

cally accumulates in multiple dot-like inclusions in transfected cells and animal models, including 

transgenic mice [5,8,17,18]. Several mechanisms by which mutant VAPB causes ALS have been pro-

posed a including, dominant negative mode of action by recruiting wild-type VAPB and VAPA or 

other factors into aggregates, a gained toxic activity, or partial loss of function [5,7,15,19-21]. The aim 

of this study was to further characterize mutant VAPB inclusions in vivo in neurons of P56S-mutant 

VAPB transgenic mice. The data indicate that mutant VAPB inclusions that occur in motor neurons of 

these mice represent a specialized ER associated protein quality control compartment that isolates 

misfolded and aggregated VAPB targeted for degradation from the rest of the ER. The presence 

of this quality control compartment in addition to the ER associated degradation machinery may 

explain the late onset of mutant VAPB-induced disease in man.
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Transgenic mice
Animals were housed and handled in accordance with the “Principles of laboratory animal care” (NIH publica-
tion No. 86-23) and the guidelines approved by the Erasmus University animal care committee.
 Transgenic VAPB mice were generated using the cDNAs of wild-type or P56S-mutant human VAPB cloned 
into the Thy1.2-expression module (Figure 1A). The VAPB-constructs also contained an HA-tag to enable easy 
visualization of transgenic VAPB by immunocytochemical approaches. Experiments in transfected cells have 
shown that the HA-tag does not alter the biochemical characteristics of wild-type and mutant VAPB [5]. Pro-
nuclear injections yielded multiple founders carrying wild-type hVAPB or hVAPB-P56S. Data in this study were 
obtained from F1 - F10 offspring of 3 hVAPB-WT (VW1, VW2, VW3) and 4 hVAPB-P56S (VM1, VM2, VM3, VM5) 
founders. Lines were maintained in FVB background by crossing hemizygote males with non-transgenic females. 
 A selected group of different transgenic lines was allowed to age for 2 years (supplementary table 1). These 
mice were weighed and inspected for signs of muscle weakness once a weeks, using a set of simple tests: i.e. 
the mice were examined for their ability to extend their hindlimbs when suspended in the air by their tail, and 
their ability to hang upside down on a grid for 60 s [22]. In addition, at specific ages animals were subjected to an 
accelerating rotarod test as described [23]. The mice were killed when they developed motor problems or when 
they reached 2 years of age (supplementary table 1). A subset of mice was excluded from the study because of 
non-motor related discomfort (e.g. eye infections or tumors; see supplementary table 1). Selected mice were 
analyzed for neuromuscular denervation and pathological abnormalities in the spinal cord (e.g motor neuron 
loss, gliosis). 

Axotomy of the sciatic nerve
Six weeks old hemizygote hVAPB-P56S mice from the VM1 line and their non-transgenic littermates were anes-
thetized. The left sciatic nerve was exposed, bound with suture and cut at mid-thigh level. After various inter-
vals mice were perfused transcardially with 4% paraformaldehyde and processed for immunocytochemistry. 

Antibodies
Primary antibodies reported in this study are: mouse anti-actin (Millipore); mouse anti-αB-crystallin (Stressgen Bio-
technologies); rabbit anti-ATF3 (Santa Cruz Biotechnology); rabbit anti-BAP31 rabbit (gift from M. Tagaya; Tokyo 
University of Pharmacy and Life Sciences [24]); rabbit anti-BiP/GRP78 (Stressgen Biotechnologies); rabbit anti-cal-
reticulin (Affinity BioReagents); mouse anti-CD8 (SantaCruz); goat-anti-choline acetyltransferase (ChAT, Millipore); 
rabbit-anti-CGRP (Calbiochem); rabbit anti-Derlin-1 (D4443, Sigma-Aldrich); rabbit anti-GFAP (DAKO); mouse-anti 
GM130 (BD Biosciences); mouse anti-HA (Covance); rat anti-HA (Roche); rabbit anti-HA (Santa Cruz Biotechnology); 
rabbit anti-Iba1 (WAKO Chemicals); rat anti-Mac2 (Cedarlane); rabbit anti KDEL (Stressgen Biotechnologies); rabbit 
anti-myc (Cell Signaling Technology); mouse anti-myc (Santa Cruz Biotechnology); mouse anti-NeuN (MAB377, 
Millipore); chicken anti-neurofilament M (Millipore), rabbit anti-NIR2 (Santa Cruz Biotechnology); rabbit anti-ORP9 
(gift from Neale Ridgway, Dalhousie University, Canada); rabbit anti-ORP2, rabbit anti-ORP3, rabbit anti-ORP6 
(gifts from Vesa Olkkonen, Institute for Molecular Medicine Finland); human anti-ribosomal protein P0 (Immu-
novision); Rabbit anti-phosphoS6 (Cell Signaling Technology), mouse anti-ubiquitin (FK2; 1:300; Biomol); rabbit 
anti-VAPB [5]; guinea pig anti-VAChT (Millipore); mouse anti-VCP (Ma3-004; Thermo Scientific).
 Secondary antibodies: For avidin-biotin-peroxidase immunocytochemistry biotinylated secondary anti-
bodies from Vector Laboratories diluted 1:200 were used. FITC-, Cy3-, and Cy5-conjugated secondary antibodies 
raised in donkey (Jackson Immunoresearch, USA), Alexa488, 568 or 633 conjugated antibodies raised in goat 
were used for immunofluorescence. For Western blots, HRP-conjugated goat-anti mouse or goat-anti rabbit IgG 
were used at 1:5000 (DAKO, 1:5000).
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Figure 1. Generation of VAPB-WT and VAPB-P56S transgenic mice

A) To generate VAPB transgenic mice the cDNAs of wild-type or P56S-mutant human VAPB coupled to HA were cloned into 

the Thy1.2-expression casette. 

B-E) Western blots showing relative VAPB transgene expression levels in tissues of Thy1.2-hVAPB-WT (VW2, VW3) and 

Thy1.2-hVAPB-P56S (VM1, VM2, VM3) mice. Transgenic VAPB is detected with anti-HA antibody that specifically detects the 

transgene (B) or anti-VAPB antibody that interacts with both endogenous VAPB and transgenic VAPB running in a higher 

molecular weight band because of the HA-tag (B, D, E). Each lane is loaded with 2.5 µl S1 fraction derived from 250 µg 

tissue. B,C) Representative results (B) and quantification (C) of Western blot of spinal cord homogenates showing relatively 

high transgene expression levels in wild-type VAPB expressing lines (VW2 and VW3), and moderate transgene expression 

in mutant VAPB lines (VM1, VM2). Values in C are expressed as the ratio of the signals of endogenous and transgenic VAPB 

and represent means ± SE (n>3). Spinal cords from VM2 mice show about half the level of transgene expression compared 

to VM1 spinal cord (Student t-test). D) Western blot of homogenates from different tissues from VM1 and VM3 mice showing 

that the transgene is specifically expressed in nervous system. E) Western blot of sciatic nerve homogenate of wild-type (line 

VW3) and mutant (line VM1) transgenic mice showing a high level of transgenic VAPB in wild-type VAPB sciatic nerve, and no 

transgenic VAPB in mutant VAPB sciatic nerve.

F) Anti-HA immunohistochemistry showing widespread transgene expression in the brain of wild-type and mutant VAPB 

transgenic mice.

Mutant VAPB inclusions
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Western blotting
Tissue samples were homogenized in ten volumes of PBS containing 0.5% Nonidet P-40 and 1× protease inhib-
itor cocktail (Complete, Roche), sonicated and centrifuged at 800 g for 15 min at 4ºC to obtain the S1-superna-
tant . For the preparation of detergent-insoluble extracts, S1 supernatants were centrifuged at 15000g for 20 
min. After the collection of supernatants (S2), pellets (P2) were thoroughly washed five times with PBS-0.5% 
Nonidet P-40 and then resuspended in sample buffer for SDS–PAGE electrophoresis and western blotting. Pro-
tein concentrations in samoles were determined using the BCA method (Pierce, Rockford, IL).Samples contain-
ing 5–50 mg protein were electrophoresed on SDS–PAGE gels and blotted on PVDF membranes (Millipore). The 
membranes were blocked with 5% non-fat dry milk (Bio-Rad) in PBS with 0.05% Tween20 (PBST), incubated in 
primary antibody, diluted in PBST with 1% dry milk followed by incubation in secondary antibody. Blots were 
exposed to film after incubation in chemiluminescence’s reagent (ECL, Amersham), and films were analyzed 
with Metamorph software.

RT-PCR of unfolded protein responsive genes 
Levels of unfolded protein stress responsive mRNAs were analyzed by real time quantitative reverse tran-
scription PCR (qRT-PCR) using the Roche LightCycler 480 and the Roche universal probe library as described 
[25]. RNA was isolated from cortex samples using Trizol reagent and used for cDNA synthesis. Primers for the 
qRT-PCR assay were: BiP FW: gccaactgtaacaatcaaggtct/RV:tgacttcaatctggggaactc (probe #15) and Chop FW:c-
caccacacctgaaagcag/RV:tcctcataccaggcttcca (probe #33). Values are normalized to eEF2α mRNA FW: acacg-
tagattccggcaagt/RV: aggagccctttcccatctc (probe #31) for individual animals [25].

Primary neuron cultures and transfection
Primary hippocampal cultures were prepared from embryonic day 18 (E18) rat brains [26]. Cells were plated on 
coverslips coated with poly-L- lysine (30 μg/ml) and laminin (2 μg/ml) at a density of 75,000/well. Hippocampal 
cultures were grown in Neurobasal medium (NB) supplemented with B27, 0.5 mM glutamine, 12.5 μM gluta-
mate and penicillin/streptomycin. Hippocampal neurons were transfected using Lipofectamine 2000 (Invitro-
gen). The following mammalian expression plasmids have been described previously: HA- and myc-tagged 

Figure 2. VAPB Inclusions in VAPB-P56S transgenic motor neurons are immunoreactive for ER markers and

surrounded by ribosomal markers

A, B) Confocal immunofluorescence of HA (specific for transgenic VABP) and VAPB (labels endogenous and transgenic 

VAPB) in motor neurons of non-transgenic (A) and mutant VAPB (line VM1; B) mice showing multiple small intensely HA and 

VAPB-immunoreactive inclusions in VM1 motor neurons. Note, that VAPB-immunoreactivity in the rest of the cell body is the 

same as in non-transgenic mice.

C-F) Confocal immunofluorescence of spinal motor neurons double-labeled with either anti-HA; C, D) or anti-VAPB; E, F) and 

antibodies against ER proteins, i.e. calreticulin (C, D) or KDEL-motif proteins (E, F); calreticulin and KDEL-immunoreactivities 

are diffusely distributed throughout the perykarya of both non-transgenic (C, E) and mutant VAPB (D’, F’) motor neurons 

irrespective of the presence of VAPB inclusions, but 

G, H) Double labeling for HA and the ribosomal proteins P0 (G) or phosphorylated-S6 (H) shows that mutant VAPB inclusions 

are P0 and phospho-S6-immunonegative but the surrounding cytoplasm is always intensely P0 (arrows in G) and phospho 

S6-positive (H). Arrow and insert in H show that also dendritic VAPB inclusions are surrounded by high levels of ribosomes. 

I-L) Double labeling of VAPB or HA, with antibodies against the cis-Golgi protein GM130 (I, J), lysosomal protein LAMP1 (K), 

and the FFAT-motif protein ORP9 (L), shows that VAPB inclusions (arrows in K and L) are immunonegative for these proteins. 

Note the presence of autofluorescent structures, representing lipofuscin (aging pigment) in the motor neuron shown in L, 

which is from a 70 week old VM1 mouse. Bar in A, 10 µm.
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VAPB-wt and VAPB-P56S constructs [5]; myc-tagged seipin-wt, seipin-N88S and seipin-S90L constructs [27]; and 
BAP31-mRFP construct [24]. ΔTM-VAPB-P56S-GFP was generated by a PCR-based strategy using HA-VAPB-P56S 
construct as a template and subcloned into a GFP-tagged pβactin expression vector. HA-VAPB-P56S-CD8TM 
was made by removing the transmembrane domain of VAPB-P56S and adding the transmembrane domain 
of CD8 with a PCR-based strategy using HA-VAPB-P56S and GFP-CD8 [28] as a template and subcloned into 
a pβactin expression vector . BAP31 (5’-gagaatgatcagctaaaga-3’) and TEB4 (5’-ttaagagcctcttgcctca-3’) shRNA 
construct sequences were designed based on previously published sequences [29,30]. The complementary 
oligonucleotides were annealed and inserted into a pSuper vector [31]. DNA (3.6 μg /well) was mixed with 3 μl 

Mutant VAPB inclusions
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of Lipofectamine 2000 in 200 μl of medium, incubated for 30 min, and then added to the neurons in NB at 37°C 
in 5% CO2 for 45 min. Next, neurons were washed with NB and transferred in the original medium at 37°C in 
5% CO2. 2-4 days after transfection, neurons were fixed with 4% paraformaldehyde/4% sucrose in PBS, washed 
three times in PBS for 10 min and incubated with the indicated primary antibodies in GDB buffer (0.2% BSA, 
0.8 M NaCl, 0.5% Triton X-100, 30 mM phosphate buffer, pH 7.4) overnight at 4°C. Following incubation with 
secondary antibody neurons were mounted using Vectashield mounting medium (Vector laboratories). Images 
for co-localization measurements were acquired using a Nikon microscope equipped with a 100x oil objectives. 
Confocal images were acquired using a LSM510 confocal microscope (Zeiss) with 40x or 63x oil objectives.

Immunohistochemical and histopathological procedures
For immunocytochemistry and immunofluorescence mice were anaesthetized with pentobarbital and per-
fused transcardially with 4% paraformaldehyde. The lumbar and cervical spinal cord were carefully dissected 
out and post-fixed overnight in 4% paraformaldehyde. Routinely, spinal cord tissue was embedded in gelatin 
blocks, sectioned at 40μm with a freezing microtome and sections were processed, free floating, employing 
a standard avidin-biotin-immunoperoxidase complex method (ABC, Vector Laboratories, USA) with diamino-
benzidine (0.05%) as the chromogen, or single, double and triple-labelling immunofluorescence [22]. Immu-
noperoxidase-stained sections were analyzed and photographed using a Leica DM-RB microscope and a Leica 
DC300 digital camera. Sections stained for immunofluorescence were mounted on coverslips, placed on glass 
slides with Vectashield mounting medium, and were examined with Zeiss LSM 510 and LSM 700 confocal laser 
scanning microscopes.
 For analysis of neuromuscular denervation medial gastrocnemius muscle from 4% paraformaldehyde 
fixed mice were dissected, embedded into gelatin blocks and sectioned at 80μm with a freezing microtome 
[22]. Sections were immunolabeled, free floating, for guinea pig anti-VAChT and chicken-anti-NFM followed by 
Cy3 anti-goat and Cy5 anti-chicken or anti-rabbit secondary antibody, and motor endplates were labeled with 
FITC-bungarotoxin (1:500, Molecular Probes). For quantitative analyses, muscle sections were examined under 
a Leica DM-RB fluorescence microscope, end-plates being scored as ‘innervated’ in case of complete overlap 
between bungarotoxin and VAChT labeling, ‘partially denervated’ in case of partial overlap, and ‘denervated’ in 
case of the absence of VAChT labeling at the end-plate.

Quantitative analysis of immunofluorescence images
Fluorescent intensities and inclusion sizes were determined using Metamorph image analysis software. Images 
were collected using Zeiss LSM 510 confocal laser scanning microscope with 63x Plan apo oil immersion objec-
tive. Analyses of inclusions in cultured neurons were performed on maximal projections of confocal stacks. For 
analysis of FK2-labeled motor neurons stacks of 1 µm thick sections were collected from the first 4 µm facing 
the coverslip, and the optical section 2 µm below the surface of the section was used for density measurements. 
Material from non-transgenic and transgenic mice always was imbedded in a single gelatin block to minimalize 
variability in staining intensity resulting from the sectioning and immunostaining procedure [22]. Per mouse, 
motor neurons from 3 randomly selected L4 sections (yielding 4-12 cells/sections) were measured. 

Analyses of sciatic nerves
Sciatic nerves were carefully dissected from perfused mice, post-fixed in 4% paraformaldehyde with 1% glu-
taraldehyde, extensively rinsed in 0.1M PB, post-fixed in 1% osmium, dehydrated, embedded in Durcupan, sec-
tioned transversely at 0.5 µm with an Ultratome, and stained with toluidine blue. 
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Transmission electron microscopy
For electron microscopy mice were perfused transcardially with 4% paraformaldehyde with 0.2% (post-embed-
ding immunogold electron microscopy) or 1% (standard transmission electron microscopy) glutaraldehyde. 
Specimens were sectioned with a Vibratome and further processed using standard methods as described 
before [22,32]. For standard transmission electron microscopy Vibratome section (60-100 µm) were post-fixed 
in 1% osmium, dehydrated and embedded in Durcupan. Ultrathin sections (50–70 nm) were contrasted with 
uranyl acetate and lead citrate, and analyzed in a Phillips CM100 electron microscope at 60 or 80 kV.
 Post-embedding immunogold labeling was performed on 50–70 nm thick thin sections from 4% parafor-
maldefyde and 0.2% glutaraldehyde fixed brain and spinal cord sections as described before [22] using the 
rat-anti-HA antibody at 1:100.
 For electron microscopic analysis of VAPB-P56S inclusions in HeLa cells, cells were transfected with Myc-
hVAPB-P56S and the Addgene plasmid 40307 to enable selection of transfected cells under the electron micro-
scope [33]. 24 h after transfection cells were fixed with 2% paraformaldehyde and 2.5% glutaraldehyde in 
cacodylate buffer, stained for DAB [33], post-fixed with 1% OsO4 (EMS) and 1.5% K4[Fe(CN)6] in cacodylate buffer 
(90 min on ice), followed by 1% low molecular weight tannic acid (30 min at RT) and with 1% OsO4 in distilled water 
(30 min on ice) as described [34], embedded in epon, sectioned at 50 nm, and contrasted with uranyl acetate [5]. 

Statistical analyses
Statistical analyzes were performed with MS Excel or Graphpad Prism software (San Diego, USA). Means from 
different age groups, and different transgenic mouse lines were compared using Student’s t-test, or one-way 
ANOVA and Tukey’s post-test.

RESuLTS

Mutant VAPB inclusions are positive for luminal ER proteins and are surrounded by  

ribosome-rich areas 

To examine mutant VAPB inclusions in neurons in vivo we generated transgenic mice carrying a 

construct of human VAPB cDNA with or without the P56S mutation cloned into the Thy1.2 expres-

sion cassette (Figure 1A) that drives transgene expression in neurons throughout the CNS, including 

spinal motor neurons [22,35]. The transgenes incorporated an HA-tag at the N-terminus to enable 

the efficient localization of transgenic protein at the light and ultrastructural level [36]. Four lines 

of hVAPB-P56S (VM1, VM2, VM3, VM5) and 3 lines of wild-type (wt)-hVAPB (VW1, VW2, VW3) trans-

genic mice were obtained (Figure 1; Supplementary Figure 1). Consistent with previous studies with 

transfected cells [5,8] and transgenic mice [17,18], hVAPB-P56S expressing trangenic mice developed 

VAPB inclusions in motor neurons as well as other populations of neurons, including spinal interneu-

rons, neurons in brain stem reticular formation and the cerebellar nuclei, and pyramidal neurons in 

neocortex. Mutant VAPB inclusions consisted of small spherical and ellipsoid structures that were 

intensely HA and VAPB-immunoreactive, and were distributed throughout the cell body and prox-

imal dendrites (Figure 2). Significantly, the mutant VAPB inclusions did not occur in mutant VAPB 

transgenic mice from line VM2, which showed lower transgene expression levels than the other 

lines (Figure 1; Supplementary Figure 2). Inclusions also were absent in wild-type VAPB transgenic 

mice (see below).

Mutant VAPB inclusions
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 To determine whether the presence of inclusions was associated with altered solubility of 

mutant VAPB we performed Western blot analysis of non-ionic detergent (Nonidet P40)-insoluble 

(P2) fraction of spinal cord homogenate. In accordance with reduced solubility a large propor-

tion of transgenic mutant VAPB accumulated in the insoluble fraction (Supplementary Figure 2). 

Endogenous murine VAPB was not detectable in this fraction, suggesting that it does not coaggre-

gate with transgenic mutant VAPB (Supplementary Figure 2).

 To characterize the mutant VAPB inclusions we first double stained for HA or VAPB and a 

variety of cellular markers. Double labeling with antibodies against calreticulin (a luminal ER sug-

ar-binding protein) and KDEL (a C-terminal tetrapeptide motif shared by several ER chaperones), 

showed that the mutant VAPB inclusions were immunoreactive for these ER markers (Figure 2C-F). 

However, calreticulin and KDEL staining was not enriched in the inclusions; the same staining 

intensity is observed in the inclusions as compared to the surrounding area. Accordingly, the cal-

reticulin and KDEL staining in motor neurons with inclusions was indistinguishable from that in 

non-transgenic motor neurons (e.g. compare Figure 2C and 2E with 2D’ and F’, respectively). Dou-

ble labeling with antibodies against ribosomal protein P0 and phosphorylated ribosomal pro-

tein S6 showed that while the inclusions were immunonegative for P0 and phospho-S6, the area 

around the inclusions contains a high density of ribosomes (Fig. 2G, H). The specific association of 

mutant VAPB inclusions within ribosome-rich areas was particularly clear in motor neuronal den-

drites, which showed areas of intense phospho-S6 staining. Analysis of a large number of dendritic 

VAPB inclusions (> 100) indicated that in all occasions they were present within an area of intense 

phospho-S6 staining (Fig. 2H’).

 Mutant VAPB did not codistribute with the Golgi apparatus marker GM130, and the presence 

of inclusions did not have a detectable effect on the Golgi apparatus morphology (Fig. 2I, J). Also 

markers for lysosomes (LAMP1, Fig 2K) and endosomes (EEA1, not shown) did not codistribute 

with inclusions and showed unaltered distributions in motor neurons with inclusions. Finally we 

screened antibodies against a variety of FFAT-motif containing proteins, representing a major 

class of VAPB interacting proteins [5,37,38] to determine whether these proteins accumulate in 

the mutant VAPB inclusions. Antibodies against NIR2 and ORP9 produced consistent labeling in 

Figure 3. Mutant VAPB inclusions are localized in the RER and consist of smooth ER-like tubular profiles and electron 

dense material

A-D) Transmission electron photomicrographs of mutant VAPB inclusions in spinal motor neurons of a 6 weeks old VM1 (A, 

B), a 6 week old VM3 (C), and a 70 weeks old VM1 x VM5 mouse (D). Note in A that the inclusions (red arrows) are localized 

within normal appearing rough ER (RER). Other organelles such as Golgi apparatus (Go) and mitochondria (m) are unaltered 

(A, B). In C the ER lumen is accentuated in green to outline the continuity of tubular smooth ER like profiles in the inclusions 

with the surrounding rough ER cisterns. Note in C and D that the electron dense material in the inclusions has a patchy 

appearance (red arrows).

E) Post-embedding immunogold electron microscopy with anti-HA antibody showing that HA-labeling is preferentially 

associated with the electron dense material in the inclusions (see insert). The dashed lines outline two distinct inclusions.

Color overlay in A: red, area outside the motor neuron; yellow, nucleus; green, lumen of ER.

Scale bars: 2 µm (A ), 500 nm (B), 200 nm (C, D, E)
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motor neurons. However, ORP9 (Fig. 2L) nor NIR2 (data not shown) immunoreactivity was present 

in the mutant VAPB inclusions, consistent with the observation that the P56S mutation disrupts 

the FFAT-motif binding domain of VAPB [5]. 

Table 1. Summary of ER abnormalities in Thy1.2-hVAPB transgenic lines

Mouse line HA-staining ER abnormalities

Tubular ER Stacked ER Electron dense stacked ER

hVAPB-wt

VW1

VW2

VW3

+++++

++++

++++

-

-

-

+

+

+

+

-

-

hVAPB-P56S

VM1

VM2

VM3

VM5

VM1 + VM5

++

+

++

++

+++

+

-

+

+

+

-

-

-

-

-

-

-

-

-

-

VAPB inclusions ultrastructurally are characterized by smooth ER-like profiles and electron 

dense material

Transmission electron microscopy of spinal motor neurons of VAPB-P56S transgenic mice from the 

lines VM1, VM3 and VM5 revealed the ultrastructural correlate of the mutant VAPB inclusions: i.e. 

regions, 0.3 to 2 µm in diameter, within the rough ER (RER) that contained smooth ER-like tubular 

and vesicular profiles and electron dense material (Fig. 3). These abnormal regions were contacted 

by surrounding rough ER profiles (Fig. 3A-D). In multiple occasions the rough ER was continuous 

with tubular profiles in the inclusions (Fig. 3C). The electron dense material in the inclusions was at 

the cytoplasmic side of the tubular profiles and usually showed small diffuse clusters, 50-75 µm in 

diameter, of higher electron density (Fig. 3C, D). The rough ER surrounding the regions with abnor-

mal ER showed a normal appearance, and no abnormalities were observed in other organelles. 

Analysis of spinal interneurons, revealed the same ER abnormalities, indicating this abnormality 

does not depend on specific features of the ER in motor neurons (not shown). Analysis of mutant 

VAPB transgenic mice of different age indicated that the inclusions were the same in old (70-90 

weeks; Fig. 3D) versus young (4-15 weeks) mice.

 Several findings indicate that the structures consisting tubular smooth ER-like profiles and elec-

tron dense material indeed represent the ultrastructural correlate of inclusions identified light-mi-

croscopically: First, their size, frequency, and exclusive distribution within regions of rough ER are 

consistent with those of inclusions identified light-microscopically. Second, this ER abnormality does 

not occur in motor neurons of transgenic mutant VAPB mice of the VM2 line, which do not show 

light-microscopic inclusions (table 1). Third, post-embedding immunogold electron microscopy with 

anti-HA antibody, showed that HA-labeling was strongly enriched within thes abnormal ER compart-

ments (Fig. 3E; 78.40 ± 16.98 particles/µm2 [10 inclusions] versus 0.32 ± 0.14 gold particles/µm2 in the 

surrounding cytoplasm and 0.24 ± 0.08 particles/µm2 in non-transgenic motor neuron, n = 10 cells). 
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Stacked ER cisterns in wt-hVAPB motor neurons 

Motor neurons of wt-hVAPB mice did not show the ER abnormalities observed in VAPB-P56S trans-

genic mice, indicating that these inclusions are a specific consequence of mutant VAPB (Table 1). 

Instead a subset of motor neuron in wild-type VAPB transgenic mice showed another ER abnormal-

ity, i.e. stacked ER, consisting of flat or circular arrays of parallel narrow cisterns (Fig.4A). The cisterns 

were separated by a 17 ± 2 nm thick layer (Fig. 3A). These stacked ER resembled previously reported 

stacked ER (also termed organized smooth ER [OSER], or crystaloid ER) observed in cells express-

ing high levels of certain ER membrane proteins [39,40] including cells coexpressing VAPB together 

with FFAT-motif protein [41,42]. Stacked ER was usually localized in the rough ER, the superficial 

cisterns being continuous with rough ER cisterns (Fig. 4A). Occasionally, however, stacked ER was 

found in other cellular compartments such as near synapses (Fig. 4B). Immunogold labeling showed 

increased anti-HA immunoreactivity within stacks (Fig. 4C). Remarkably, in one line of wt-hVAPB 

mice (line VW1) we noted a variant of stacked ER, where ER cisterns were curved, the lumen of the 

cisternae was expanded and the space linking cisterns together was considerably more electron 

dense (Fig. 4D). This electron dense form of stacked ER was continuous with both ‘regular’ ER stacks 

and rough ER profiles (inserts in Fig. 4D). Both the ‘regular’ and the electron-dense irregular variant 

of stacked ER were never observed in VAPB-P56S transgenic mice. 

Gradual loss of mutant VAPB inclusions in axotomized motor neurons

Together our confocal and electron microscopic indicate that inclusions in VAPB-P56S transgenic 

mice represent unique ER associated structures. Analysis of the expression of two unfolded pro-

tein response target genes, i.e. the ER chaperone Bip (Grp78, Hspa5) and Chop (Gadd153) by immu-

nofluorescence and qRT-PCR showed unaltered expression in both wild-type and mutant VAPB 

transgenic mice (Supplementary Figure 3), indicating that the expression of mutant VAPB per se 

or the presence of mutant VAPB inclusions do not triggers induction of unfolded protein response. 

Analysis of motor behavior by accelerating rotarod, hanging wire and hind limb extension tests 

in a cohort of 46 mutant VAPB transgenic mice from different lines including double transgenic 

mice generated by intercrossing mice from VM1 and VM5, showed that the far majority (44 of 46) 

of mice reached the age of 2 years without developing obvious motor deficits and signs of neuro-

nal degeneration (supplementary Figure 4; supplementary table 1). These findings are consistent 

with data from previous studies reporting normal survival and the absence of motor abnormali-

ties in mutant VAPB transgenic mice [17,18]. Remarkably, however, two (of 46) mice developed late 

onset progressive motor impairment, and axonal degeneration in peripheral nerve (supplementary  

Figure 5; supplementary table 1). Although the number of these two mice with a motor phenotype 

is too low to conclusively link the phenotype to VAPB-P56S expression, the mice shared two inter-

esting features, i.e. the expression of ATF3, a stress transcription factor that is expressed in motor 

neurons following multiple pathological conditions [43-45], in a large number of motor neurons 

(Fig. 5A, B). More importantly, double labeling with anti-HA antibody showed that none of the ATF3 

expressing motor neurons in the mice with a motor phenotype showed VAPB inclusions (Fig. 5C). 

These data suggest a correlation between ATF3 expression, axonal degeneration and the absence 
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of VAPB inclusions in motor neurons of mutant VAPB transgenic mice. To further investigate the con-

nection between ATF3 expression, axonal damage and the absence of VAPB inclusions, we examined 

the effect of axotomy on inclusions in sciatic nerve motor neurons of VM1 mice. Axotomy results in 

a strong induction of ATF3 expression in motor neurons within 12 hours, which lasts for more than 

5 weeks post transection [43,46]. Analysis of inclusions in axotomized ATF3-positive motor neu-

rons revealed a gradual reduction of the size of inclusions starting within 24 hours post-axotomy 

(Fig. 5D-G). Ultimately, axotomy resulted in the total absence of inclusions and diffuse HA labeling 

2-3 weeks post-axotomy (Fig. 5D-G). The diffuse HA labeling in 2-3 weeks axotomized VM1 motor 

neurons strongly resembled HA-labeling in motor neurons of MP1 and MP2 mice described above. 

Importantly, the level of HA-labeling in 2-3 weeks axotomized VM1 motor neurons is considerable 

higher than in VM2 motor neurons, indicating that the absence of inclusions cannot simply be 

explained by reduced VAPB-P56S expression levels. Together the data indicate that mutant VAPB 

inclusions in motor neurons of VAPB-P56S transgenic mice are reversible ER-associated structures.

VAPB inclusions are immunoreactive for proteins of the ER associated degradation (ERAD)  

quality control pathway 

Being a misfolded ER membrane protein, VAPB-P56S is likely to be degraded by the ERAD-C path-

way, i.e. ER associated degradation (ERAD) for ER substrates exposing a misfolded domain into the 

cytoplasm [47,48]. This pathway like other ERAD pathways involves polyubiquitination of the sub-

strate, followed by extraction from the ER membrane for delivery to the proteasome. Studies in 

Drosophila and mammalian cells have documented that P56S-VAPB can be polyubiquitinated and 

that mutant VAPB inclusions are immunostained with antibodies against ubiquitinated epitopes 

[7,19,49], although in our hands VAPB-P56S inclusions in transfected HeLa cells were relatively weak-

ly positive for ubiquitinated epitopes as compared to inclusion formed by mutant huntingtin [5]. 

However, using the monoclonal antibody FK2 that immunoreacts with mono- and polyubiquiti-

nated epitopes, mutant VAPB inclusions in our VAPB-P56S mice were strongly stained (Fig. 6A). 

Interestingly, motor neurons without inclusions in our VAPB-P56S mice showed a diffuse increase 

of FK2-immunostaining throughout the cytoplasm as compared to motor neurons from non-trans-

genic mice. This was observed in 2 independent experiments with spinal cord sections from both 

Figure 4. Stacked ER in motor neurons of wild-type VAPB overexpressing mice

A, B) Transmission electron photomicrographs showing stacked ER in motor neurons from a 30 week old wild-type VAPB 

overexpressing mouse (line VW3). The ER cisterns in the stacks are thin, while the cytosolic faces of the cisternal membranes 

are separated by a 17.2 ± 1.6 nm thick layers (A). In A’’ the ER lumen is accentuated in green to outline the continuity of 

lumen of stacked cisterns with the surrounding ER cisterns. B illustrates stacked ER next to a synapse. C) Post-embedding 

anti-HA immunogold electron photomicrographs, showing that transgenic wild-type VAPB is concentrated in the stacked 

ER. D) Transmission electron photomicrograph of a motor neuron of an 8 week old mouse from line VW1 showing stacked 

ER (black arrow) and a variant of stacked ER (red arrows), consisting of curved more irregular ER cisterns, and electron dense 

intra-cisternal spaces (inserts in D). Color overlay: yellow, nucleus (A); purple, presynaptic bouton (B); green, lumen of ER (A, 

B). Scale bars: 2 µm (D), 500 nm (B), 100 nm (A’’, C)
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VM1 and VM3 mice and their respective non-transgenic littermates (Fig. 6B-D). These data raise the 

possibility that also diffusely distributed mutant VAPB which is not in the inclusions is ubiquitinated.

 We next stained for Valosin-containing protein (VCP/p97, cdc48 in yeast), which is an essential 

ERAD component that provides mechanical force for extracting substrate from the ER membrane 

[47]. In wild-type motor neurons VCP-immunoreactivity was present in the nucleus and the peri-

karyon, with higher staining intensities of the nucleus (Fig. 6I). Motor neurons with mutant VAPB 

inclusions showed the same overall staining, but in addition showed intense VCP staining within the 

inclusions, indicative of an accumulation of VCP in the inclusions (Fig. 6E). Staining for Derlin-1, an ER 

membrane spanning protein that plays a role in ERAD of many substrates, including tail-anchored 

proteins [50], showed that VAPB inclusions were also immunoreactive for Derlin-1 (Fig. 6F). Howev-

er, unlike VCP, Derlin-1 immunoreactivity was not specifically enriched in the inclusions, showing 

the same overall distribution in non-transgenic motor neurons and motor neurons with inclusions 

(compare Fig. 6F’ and H). Finally, we stained for BAP31 an ER membrane chaperone that may play a 

role in ERAD [24,51], and is enriched in mutant VAPB inclusions in transfected HeLa cells [52]. Accord-

ingly, we found a marked enrichment of BAP31 immunoreactivity in mutant VAPB inclusions in our 

transgenic mice (Fig. 6G). Together the data suggest that mutant VAPB inclusions are a region of 

increased ERAD activity.

Figure 5. Gradual loss of mutant VAPB inclusions in axotomized motor neurons

A-C) Representative images (A) and bar graph (B) showing ATF3 expression in a large number of motor neurons of two 

mutant VAPB mice that developed progressive motor abnormalities. The mice with a motor phenotype consisted of a mouse 

from line VM3 (mouse MP1, onset 61 weeks) and line VM1xVM5 (mouse MP2, onset 74 weeks). Non-trangenic (non-tg, n=4) 

and transgenic littermates (n=5) killed at the age of 104 weeks show ATF3 expression in a low proportion of motor neu-

rons. C) Confocal images of motor neurons double-labeled for HA and ATF3 showing the absence of VAPB inclusions in ATF3 

expressing motor neurons of mouse MP2. Scale bars: 100 µm (A), 10 µm (C)

D-G) Gradual loss of mutant VAPB inclusions in axotomized motor neurons. D) Confocal image of lumbar motor neurons 

of a VM1 mutant VAPB mouse, 7 days after sciatic nerve transection, showing that axotomized motor neurons identified 

by ATF3 expression (ipsilateral) have no or very small VAPB inclusions as compared to control (contralateral) VM1 motor 

neurons. E) Representative images of axotomized motor neurons (ipsilateral, ATF3 positive) from VM1 mice killed at different 

time points after axotomy. Note the gradual reduction of the size of VAPB inclusion following post-axotomy, ultimately 

leading to diffuse perikaryal HA staining 2-3 weeks post-axotomy. F, G) Bar graphs showing the inclusion size expressed as 

mean number of pixels per inclusion (C), and the percentage of HA-labeled motor neurons with inclusions (D). Values in C 

represent means ± SE from more than 20 motor neurons from 2-3 mice. *, **, ***: P < 0.05, P < 0.01, P < 0.001 compared to 

contralateral (unpaired Student’s t-test). 

Scale bars: 100 µm, (A), 25 µm (D), 10 µm (C, E).
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VAPB inclusions may represent an ER associated degradation (ERAD) quality control  

compartment

To further study the relationship between the ERAD pathway and the mutant VAPB inclusion we 

moved to primary neuron cultures. Like mutant VAPB inclusions in transgenic mouse motor neu-

rons, inclusions in hippocampal neurons transfected with myc- or HA-tagged VAPB-P56S were 

markedly enriched in ubiquitinated epitopes, VCP, Derlin-1 and BAP31 (Fig. 7A-E). The recruitment of 

BAP31 to the mutant VAPB inclusions was confirmed by coexpressing a RFP-tagged BAP31 (Fig. 7F). 

To determine whether the recruitment of ERAD factors to mutant VAPB inclusions depended on the 

insertion of VAPB-P56S in the ER membrane, neurons were transfected with GFP-tagged VAPB-P56S 

that lacked the transmembrane domain required for insertion in the ER membrane [52]. ΔTM-VAPB-

P56S accumulated in inclusions that usually were larger and showed a more restricted distribution 

than VAPB-P56S inclusions (Fig. 7H, I). Importantly, ΔTM-VAPB-P56S inclusions were not enriched 

in VCP and Derlin-1 (Fig. 7H, I) indicating that the recruitment of these ERAD factors depended on 

the association of mutant VAPB with the ER. In contrast, VAPB-P56S with the transmembrane of 

another protein (i.e. CD8) accumulated in inclusions that were enriched in VCP (Fig. 7J). Furthermore, 

co-transfection of VAPB-P56S-CD8TM and Myc-VAPB-P56S showed that VAPB-P56S-CD8TM accu-

mulated in the same inclusions as VAPB-P56S (Fig. 7K) indicating that the ER-membrane proteins 

with different transmembrane domains may accumulate in the same ERAD-associated inclusions.

 Inhibition of the ERAD pathway by inhibiting the proteasome with MG-132 resulted in the for-

mation of larger inclusions (Fig. 8A-D). Also shRNA-mediated knockdown of BAP31 resulted in larger 

inclusions (Fig. 8C). Next we studied the effect of knockdown of TEB4 (MARCH-VI), an ER membrane 

bound E3 ubiquitin ligase [53] that is the mammalian ortholog of yeast Doa10, which is required 

for ubiquitination of ERAD substrates with defective cytosolic domains [54]. ShRNA-mediated TEB4 

knockdown resulted in a dramatic reduction in the size and number of mutant VAPB inclusions in 

VAPB-P56S expressing neurons (Fig. 8E-G). Together these data indicate that the sizes of the VAPB-

P56S inclusions strongly depend on ERAD activity

VAPB-P56S inclusions differ from an ER protective organelle (ERPO) associated with luminal 

ERAD substrates

The data indicate that VAPB-P56S inclusions in motor neurons of our P56S-VAPB transgenic mice 

represent a defensive cell response aimed at protecting cells from a level of mutant ER protein that 

exceeds the capacity of ER associated degradation. A recent study documented a protective ER 

compartment termed ERPO (ER protective organelle) in neurons of mice expressing mutated forms 

of the ER membrane protein seipin that are associated with an autosomal dominant motor neuron 

disease termed seipinopathy [27,55]. The two seipinopathy mutations, N88S and S90L, are locat-

ed within an ER luminal loop of the protein, disrupt a glycosylation site and facilitate aggregation. 

Consistent with previous reports expression of seipin-S90L and seipin-N88S in cultured neurons 

resulted in small spherical inclusions with sizes in the same range as VAPB inclusions. However, 

coexpression of seipin-N88S or seipin-S90L with VAPB-P56S showed that the mutated proteins 

accumulated in distinct inclusions (Fig. 9). The seipin inclusions were not immunostained with the 

Chapter 05

ORDER_CWP_MARIJNKUIJPERS_THESIS.indd   102 22-04-14   22:52



103

5

1

FK2 antibody against ubiquitinated epitopes. Furthermore, the seipin inclusions unlike the VAPB 

inclusions were immunonegative for VCP, derlin-1 and BAP31. These data show that VAPB inclusions 

are different from ERPO formed by mutant seipin.

 

Figure 6. Mutant VAPB inclusions are ubiquitin-positive and enriched in ERAD components

A-C) Representative confocal images of the distribution of ubiquitinated epitopes labeled with the FK2 antibody in motor 

neurons of mutant VAPB line VM1 with (A) or without (B) inclusions, and non-transgenic littermates (C). Note high level of 

FK2-immunoreactivity in inclusions (A) and diffuse increase as compared to non-transgenic motor neurons in VM1 motor 

neurons without inclusions (B).

D) Bar graph of FK2-immunofluoresencesignal in non-transgenic versus VM1 and VM3 motor neurons without inclusions. 

Values are means ± SE and are from lumbar L4 segments from 4 non-transgenic, 2 VM1 and 2 VM3 mice embedded in a 

single gelatin block (see methods).

E-I) Confocal image of mutant VAPB (line VM1, E-G) or non-transgenic (H, I) spinal motor neurons double-labeled for VAPB 

or HA and ERAD components, i.e. VCP/p97 (E, I), derlin-1 (F, H), and BAP31 (G). Note, enrichment of VCP (E) and BAP31 (G) 

staining in the mutant VAPB inclusions; derlin-1 although present does not show preferential enrichment is not selectively 

enriched in the mutant VAPB inclusions. Scale bars: 10 µm (A, H), 25 µm (E).
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Figure 7. Mutant VAPB inclusions in primary cultured hippocampal neurons are enriched in ERAD components

A-E) Maximal projections of confocal stacks of primary cultured hippocampal neurons transfected with Myc-VAPB-P56S 

showing intense staining of ubiquitinated epitopes (FK2, A), derlin-1 (B), VCP (C, D) and BAP31 (E) in mutant VAPB inclusions.

F, G) Co-expression of Myc-VAPB-P56S and RFP-BAP31 shows that mutant VAPB inclusions recruits a large portion of RFP-

BAP31 (F), while in single RFP-BAP31 transfected neurons, RFP-BAP31 has a diffuse distribution (G).

H, I) Hippocampal neurons transfected with GFP-tagged VAPB-P56S lacking the transmembrane domain (ΔTM) develop 

inclusions that are immunonegative for VCP (H) and Derlin-1 (I)..

J, K) Transfection of hippocampal neurons with VAPB-P56S-CD8TM with (K) or without (J) myc-VAPB-P56S (green) shows that 

VAPB-P56S with the transmembrane domain of CD8 (immunostained with anti-CD8 antibody) accumulates in the same 

inclusions as VAPB-P56S. Scale bar, 10 µm
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DISCuSSIon

Inclusions in motor neurons of transgenic VAPB-P56S mice may represent an ER quality control 

compartment 

In the present study we show that transgenic mice expressing an ALS8-linked mutant form of VAPB 

develop a novel type of inclusion that associated with the rough ER and consists of smooth ER-like 

tubular profiles and electron dense material. Several lines of evidence indicate that this mutant 

VAPB inclusion represents an ER protein quality control compartment: First, the presence of the 

inclusions was not associated with signs of neuronal malfunction or neuronal pathology. Second, 

the inclusions are localized in the center of healthy appearing active rough ER. Third, the inclusions 

are reversible as they gradually disappear following axonal transection. Fourth, the inclusions are 

enriched in factors that operate in the ER associated degradation (ERAD) pathway, i.e. p97/VCP, Der-

lin-1 and the ER membrane chaperone BAP31. And fifth, inhibition of ERAD increased the size of 

the inclusions. We propose that the inclusions in our mutant VAPB transgenic mice represent an ER 

quality control compartment that arises, when the amount of substrate exceeds the capacity of ER 

associated degradation (ERAD). This ERAD associated quality control compartment is reminiscent 

of aggresomes that may form in condition of excess of cytosolic aggregation-prone protein [4,56]. 

Compatible with this idea, mutant VAPB inclusions do not occur in motor neurons of low-expressing 

mutant VAPB transgenic mice (line VM2), and are absent in motor neurons derived from induced 

pluripotent stem cells of ALS8 patients [57]. 

 Several studies have reported on ER-derived inclusion-like structures that are formed after 

expression of mutated ER proteins in yeast or mammalian cells [55,58-60]. An ER-derived struc-

ture termed ERPO (ER protective organelle) has been identified as a protective ER compartment in 

cells expressing the serpin α1-antitrypsin with an E342K mutation, associated with liver disease in 

children [58]. ERPO may represent an ER quality control pathway for multiple ER substrates, since 

aggregation-prone mutant forms of seipin that are associated with an autosomal dominant motor 

neuron disease, accumulate in the same compartment [27]. Our data show that mutant VAPB and 

mutant seipin accumulate in different inclusions when coexpressed indicating that the mecha-

nisms that operate in the formation of VAPB inclusions differ from those underlying the formation 

of ERPO. Other ER derived degradation subcompartments include a quality control compartment 

for misfolded glycoproteins, termed ERQC [60] and a compartment termed ERAC (ER associated 

compartment) that is formed in yeast expressing a multispanning membrane protein (Ste6p) with 

mutation in cytoplasmatic domains [59]. ERAC comprises a network of tubulo-vesicular structures 

that occasionally are continuous with the ER profiles, and. was found to prevent proteins targeted 

for ERAD from entering the secretory pathway [59]. These properties are compatible with features of 

VAPB inclusions. A hallmark of our VAPB inclusions is their position in the center of normal appearing 

RER that in motor neurons usually is organized in Nissl Bodies [61] (Fig. 2). This position indicates 

that mutant VAPB is sorted in a direction opposite to the secretory pathway. Further work is needed 

to determine whether mutant VAPB inclusions represent an ERAC-like compartment, and whether 

there are additional ER substrates with misfolded cytosolic domains that accumulate in the same 
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structures. Our finding that mutant VAPB with a different ER transmembrane domain accumulate in 

the same structures (Fig. 7J, K) favors the notion that the mutant VAPB inclusions represent a protec-

tive ‘waste basket’ for multiple ERAD-C substrates. 

 The molecular mechanisms underlying the formation of mutant VAPB inclusions remain to 

be further determined. Previously, we have shown that their formation does not require micro-

tubule-dependent transport, which is instrumental for the formation of aggresomes and several 

other quality control compartments [4,5]. Here, we show that shRNA-mediated knock-down of the 

ER membrane bound E3 ligase TEB4 (MARCH-VI) severely reduces the size and number of mutant 

VAPB inclusions. TEB4 and its yeast ortholog Doa10, mediate ubiquitination of multiple ERAD-C sub-

strates [53,54], and accordingly TEB4 may mediate ubiquitination of mutant VAPB to target it for the 

ERAD machinery [54,62-64]. These data suggest that ubiquitination or another activity of TEB4 is an 

early step in the formation of VAPB inclusions. We also found that knock-down of the ER membrane 

chaperone BAP31 increases the size of VAPB inclusions. BAP31 has been implicated in ERAD [24,51], 

accumulates in the mutant VAPB inclusions, and may be involved in the interaction of ubiquitinated 

mutant VAPB with VCP. In this scenario the absence of BAP31 would prevent efficient extraction of 

mutant VAPB from the ER membrane by VCP. Some proteins that interact with the transmembrane 

domain of mutant VAPB, e.g. wild-type VAPs [5] and YIF1A [65], are recruited to the VAPB inclusions, 

raising the question what happens with these proteins during ERAD of mmutant VAPB. Another 

question is how the formation of ER quality control compartments such as VAPB inclusions, are con-

nected to unfolded protein response pathways that may be activated in conditions of proteotoxic 

ER stress and overload of ERAD, and that have been implicated in ALS pathogenesis [66].

Wild-type VAPB overexpression causes stacked ER

Recent work of Borgese and co-workers [7,52] suggests that VAPB-P56S inclusions in HeLa cells 

predominantly consist of a special form of stacked ER, made of two or three tightly apposed ER 

cisternae separated by an electron-dense layer [7,52]. We did not observe this or any other form of 

stacked ER in our mutant VAPB expressing lines. VAPB inclusions in HeLa cells are also BAP31 [52] and 

VCP/p97-positive (data not shown), and mutant VAPB was shown to be rapidly ubiquitinated, and 

degraded in a proteasome and VCP/p97 dependent way [7], suggesting that as in neurons mutant 

VAPB inclusions may represent an ERAD-associated compartment. Renewed ultrastructural analysis 

of our HeLa cells showed that in cells with relatively few and small inclusions they resembled the 

inclusions observed in mutant VAPB mice (Supplementary Figure 6A, B), while in cells with more and 

larger inclusions they showed more complex morphologies (Supplementary Figure 6C-E). Interest-

ingly, we noted patches of apposed ER cisternae separated by a thin layer of electron dense cytosol, 

resembling the apposed ER cisternae reported by Borgese and coworkers. However, so far in our 

HeLa cells we have not identified the relatively large domains of bi- or trilaminar ER documented by 

Borgese et al. [7,52]. Hence, the precise relationship between our VAPB inclusions and the remod-

eled stacked ER of Borgese et al. remains to be determined. 

 Stacked ER occurred in motor neurons of our wild-type hVAPB transgenic mice, and is a 

well-documented phenomenon in cells that coexpress wild-type VAPB and FFAT-motif proteins, 
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presumably resulting from heterotypic interaction between VAPB and FFAT-motif proteins [41,42]. 

Hence, stacked ER in motor neurons of wild-type VAPB overexpressing mice may result from exces-

sive VAPB interacting with endogenous FFAT-motif protein. Remarkably, in one line of wild-type 

VAPB overexpressing mice we observed a variant of stacked ER where the cytosolic space linking 

the cisterns was considerably more electron dense. These data indicate that stacked ER in some 

conditions is irreversible, which contrasts with the notion that stacked ER is a relatively harmless and 

reversible phenomenon [39,40].

Figure 8. Altering ERAD influences the size of mutant VAPB inclusions

A-D) Incubation of GFP and Myc-VAPB-P56S transfected primary cultured hippocampal neurons with MG132 to inhibit 

proteasome (B), or BAP31 shRNA construct to down regulate BAP31 expression (C) result in increased size of mutant VAPB 

inclusions as compared to untreated cultures (A). The relative frequencies of small (< 50 pixels) and large (>200 pixels) were 

reduced and increased, respectively, by MG132 and BAP31 shRNA treatment (D). * and ***, P < 0.05 and <0.0001 compared 

to control; one-way ANOVA, Tukey’s post-test.

E-G) TEB4 shRNA reduces size and number of mutant VAPB inclusions in cultured hippocampal neurons, also resulting in a 

reduction of the proportion of cytosol occupied by inclusions in TEB4-shRNA treated cells (G). *, P < 0.05 compared to control 

(Student’s t-test). Scale bar, 10 µm.
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 How does mutant VAPB cause motor neuron disease?

Consistent with previous studies [17,18] our data show that neuron-specific mutant VAPB transgenic 

mice generally do not develop motor symptoms and signs of motor neuron degeneration. This con-

trasts with the pathological phenotypes observed in Drosophila expressing mutant VAPB (DVAP-P58S 

or DVAP-T48I) that develop loss of function-like phenotypes, and are suggestive of a dominant-neg-

ative mode of action of mutant VAPB [5,6,20,49,67]. The absence of a phenotype in mice may be 

explained by efficient degradation and the accumulation of mutant VAPB in a protective compart-

ment that prevent mutant VAPB from accumulating at sites where it could engage in aberrant inter-

actions such as the ER Golgi intermediate compartment (ERGIC), or the axon. The same mechanisms 

may explain the late and variable onset of disease in man [8,68,69]. Interestingly, two (out of 46) mice 

of our aging cohort developed a late onset motor axonopathy that is reminiscent of mutant VAPB 

induced disease in man. Although their number is too low to draw conclusions, a striking feature of 

these mice with motor axon pathology was the absence of VAPB inclusions, indicative of a negative 

correlation between the presence of inclusions and the development of pathology. However, in view 

of our finding that inclusions gradually disappear in axotomized motor neurons, an alternative expla-

Figure 9. Mutant VAPB inclusions do not colocalize with mutant seipin inclusions

Primary cultured hippocampal neurons cotransfected with HA-VAPB-P56S and wild-type (A) S90L- (B), or N88L-mutant myc-

tagged seipin constructs (C-F). Wild-type seipin shows a diffuse distribution throughout the cell body (A), while seipin-S90L 

and seipin-N88S accumulate in small inclusions (B-E) resembling mutant VAPB inclusions. However, seipin inclusions do not 

overlap with VAPB inclusions, and do not stain with antibody against ubiquitinated epitopes (FK2, C), VCP (D), derlin-1 (E) 

and BAP31 (F). Scale bar, 10 µm. 
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nation is that the inclusions in the mice with motor axon pathology have disappeared secondarily to 

the axonal pathology. Further work is needed to determine the role of protective pathways like ERAD 

and the formation of inclusions in preventing disease onset in mutant VAPB expressing mice, as well 

as the factors that cause the disappearance of VAPB inclusions after axotomy. 

 A recent study with Vapb-/- mice has indicated that VAPB deficiency leads to mild, late onset 

defects in motor performance, but does not cause neuromuscular junction abnormalities and mus-

cle denervation [9]. These data suggest that loss of VAPB function by itself is not sufficient to trigger 

an ALS-like disorder perhaps because of compensatory actions by VAPA [9] and point to alterna-

tive or additional mechanisms for mutant VAPB toxicity, such as a gained toxic activity, or a domi-

nant-negative effect. It would be interesting to cross VAPB-P56S transgenic mice with Vapb-/- mice 

to examine the presence of synergistic deleterious interactions between the absence of VAPB and 

the presence of mutant VAPB. 

Conclusions

The central finding of the present study is that inclusions formed by ALS8-mutant VAPB in motor 

neurons in transgenic mice represent a protective ER compartment that isolates misfolded and 

aggregated VAPB from the rest of the ER. The data suggest that motor neurons are capable of cop-

ing with mutant VAPB levels that exceed the capacity of the ERAD systems. Whether similar protec-

tive ER derived compartments occur in physiological and pathological conditions in human central 

nervous system could be analyzed by immunohistological approaches with antibodies against 

BAP31 and VCP/p97.
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ABSTRACT

Background: Fragmentation of stacked cisterns of the Golgi apparatus into dispersed smaller ele-

ments is a feature associated with degeneration of neurons in amyotrophic lateral sclerosis (ALS) 

and some other neurodegenerative disorders. However, the role of Golgi fragmentation in motor 

neuron degeneration is not well understood.

Results: Here we use a SOD1-ALS mouse model (low-copy Gurney G93A-SOD1 mouse) to show 

that motor neurons with Golgi fragmentation are retrogradely labeled by intramuscularly injected 

CTB (beta subunit of cholera toxin), indicating that Golgi fragmentation precedes neuromuscular 

denervation and axon retraction. Golgi fragmentation also precedes the appearance of two key 

pathological markers, i.e. somatodendritic SOD1 inclusions, and the induction of ATF3 expression. 

We further show that Golgi fragmentation is associated with an altered dendritic organisation of 

the Golgi apparatus, does not depend on intact apoptotic machinery, and is facilitated in trans-

genic mice with impaired retrograde dynein-dependent transport (BICD2-N mice). A connection to 

altered dynein-dependent transport also is suggested by reduced expression of endosomal markers 

in neurons with Golgi fragmentation, which also occurs in neurons with impaired dynein function.

Conclusions: Together the data indicate that Golgi fragmentation is a very early event in the patho-

logical cascade in ALS that is associated with altered organization of intracellular trafficking. 
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Golgi fragmentation in ALS

BACKGRounD

Death and disappearance of neurons is a constant hallmark of neurodegenerative disorders, such 

as Alzheimer’s disease and other dementia’s, Parkinson’s disease, and amyotrophic lateral sclerosis 

(ALS). A large body of evidence indicates that protein aggregation and proteotoxicity are central 

early pathogenic steps in these disorders, but how these events ultimately result in neuronal mal-

function and degeneration is yet poorly established for most disorders [1,2]. Various mechanisms 

involving improper function of specific organelles, in particular mitochondria and the endoplasmic 

reticulum (ER), or disrupted function of cellular processes such as protein quality control, intracellu-

lar trafficking, cell death signaling, synaptic signaling or calcium homeostasis have been proposed 

to contribute to neuronal degeneration [2-5]. Neuropathological studies have also revealed abnor-

malities in the Golgi apparatus in a variety of neurodegenerative diseases [6-8]. The Golgi apparatus 

is a highly dynamic organelle involved in processing and sorting of lipids and proteins, and its mor-

phology depends on a large variety of protein components and cellular processes [9-13]. Accord-

ingly, Golgi morphology can alter under a variety physiological conditions such as cell division, 

growth, and altered metabolic demands [9], as well as pathological conditions, including impaired 

ER function, disruption of intracellular transport, altered lipid metabolism, excessive excitation, DNA 

damage, and activation of cell death pathways [6,14-19].

 Golgi fragmentation is a frequent feature in motor neurons of ALS patients, where it may occur 

in 10-50% of the motor neurons in sporadic ALS patients [6,20] and up to 70% of the motor neurons 

in some patients with familial ALS and ALS-like disorders [21,22]. Furthermore, Golgi fragmentation 

is an early feature in motor neurons in transgenic mice that express human SOD1 with an ALS-linked 

mutation and develop an ALS like motor neuron disorder [23-25]. The occurrence of Golgi fragmen-

tation may correlate with the presence of cytoplasmic inclusions, but the role of Golgi fragmenta-

tion in motor neuron degeneration is not understood [6]. To further understand the pathological 

significance of Golgi fragmentation in ALS, in the present study we have precisely characterized 

the relationship between Golgi fragmentation and other early pathological events in the SOD1-ALS 

mouse model. Our data show that Golgi fragmentation precedes the appearance of somatoden-

dritic SOD1 inclusions, activation of the injury transcription factor ATF3, neuromuscular denervation 

and axon retraction. We further show that Golgi fragmentation also occurs in the absence of a func-

tional mitochondrial apoptotic pathway, is greatly facilitated in neurons with impaired dynein func-

tion and is associated with endosomal abnormalities. These data suggest that Golgi fragmentation 

reflects altered organization of intracellular trafficking, perhaps in response to specific aggregated 

SOD1 complexes. 
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METHoDS

Transgenic mice
All animal experiments were approved by the Erasmus University animal care committee, and performed in 
accordance with the guidelines the “Principles of laboratory animal care” (NIH publication No. 86-23), and the 
European Community Council Directive (86/609/EEC). Transgenic mice expressing a human genomic SOD1 
construct with the G93A mutation were originally derived from the Gurney G1 mice, but because of a reduc-
tion in the transgene copy number (8 instead of ~20 transgene copy numbers per haploid genome) show a 
delayed disease onset and are termed G1del mice [26-28]. G1del mice are maintained under standard housing 
conditions in a FVB/N background by mating hemizygote males with non-transgenic females, non-transgenic 
offspring serving as controls [27].
 Neuron-specific mice carrying the cDNA of G93A-mutant hSOD1 cloned into the Thy1.2 expression cassette 
were generated as described [27]. In this study we used tissue from T3hSOD1 double transgenic mice generated 
by crossing Thy1hSOD1-G93A mice derived from founder T3 with line N1029 wild-type hSOD1 overexpressing 
mice [27].
 BICD2-N (line BN1) mice are transgenic for GFP-BICD2-N cDNA cloned into the Thy1.2 expression vector [17]. 
BN1/G1del mice were obtained by intercrossing hemizygous G1del and BN1 mice as described [17]. In this study 
we analyzed Golgi fragmentation in G1del, G1del/BN1 and BN1 of 28 weeks of age with 5-7 mice per genotype. 
 For one experiment we used paraffin embedded spinal cord tissue from 90 days old high copy (fast) G1 
mice (carrying ~20 hSOD1-G93A transgene copy numbers, see above) crossed with mice deficient for the mito-
chondrial apoptotic pathway in the central nervous system, termed DKO mice. DKO mice were Bak-null in the 
whole body (Bak-/-) and Bax-null in the central nervous system (Baxf/f/Nestin-Cre; see [29] for details). We ana-
lyzed archival sections from 3 mice per genotype (non-tg, DKO, G1del, G1del/DKO). 

Antibodies
Primary antibodies (supplier; dilutions) used in this study are: Rabbit anti-ATF3 (Santa Cruz; IHC and IF 1:1000), 
goat-anti-choline acetyltransferase (ChAT, Millipore, 1:500), goat anti-Cholera toxin B subunit (CTB; List Biologi-
cal laboratories, 1:5000), rabbit-anti-CGRP (Calbiochem, IF, 1:10.000), human-anti EEA1 (gift from Dr. M.J. Fritzler, 

Figure 1. Retrograde labeling of motor neurons with Golgi fragmentation following intramuscular injections of CTB

A-C) CTB (0.5% in 2.5 µl saline) is injected in the gastrocnemic muscle to retrogradely labeled motor neurons (A).  

B) Dot plot showing the number of CTB-positive motor neurons counted in each tenth section. Note reduced number of 

CTB-positive cells in 25 week old G1del mice compared to age matched non-transgenic mice (P < 0.05, unpaired Student’s 

t-test. C) Maximal projection of confocal stack (optical section 22 µm) of CTB-labeled motor neuron illustrating small vacu-

oles in the distal dendrite (insert).

D) Double-labeling confocal image of CTB and GM130 showing cross sections of 4 retrogradely labeled motor neurons. 

A large proportion of CTB localizes to the Golgi apparatus. The motor neuron below has fragmented Golgi. E) Bar graph 

showing the proportion of motor neurons with Golgi fragmentation in all large ventral horn neurons (GM130) and the CTB 

labeled population. F-I) Representative images of a CTB-labeled motor neuron with normal Golgi apparatus (F), fragmented 

Golgi (G), and fragmented Golgi with no or little CTB (H, I).

J) Representative example of a proximal motor neuron dendrite with GM130-positve ribbons that stop at the branching 

point (arrow). K) Two motor neurons with Golgi fragmentation showing fragmented Golgi in the proximal dendrites up to 

the first branching point (arrows and insert). 

Bars: 20 μm (C, D), 10 µm (K), 5 µm (F, J)
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Figure 2. CTB tracing and Golgi fragmentation in motor neurons with ubiquitinated SOD1-inclusions

A-C) Double-labeling confocal image of CTB and ubiquitinated epitopes showing a CTB-positive motor neuron with a large 

inclusion in the proximal dendrite (A’ and A’’), a CTB-positive motor neuron with intense ubiquitin labeling throughout most 

of the somato-dendritic compartment (B’ and B’’’’), and ubiquitin-labeling in distal CTB-positive dendrites (C-C’’’). 

D) Double-labeling confocal image of GM130 and misfolded SOD1 (SEDI epitope) showing a motor neuron with fragmented 

Golgi and a large SEDI-immunoreactive inclusion.

E-F) Confocal image showing motor neurons labeled for ChAT with fragmented Golgi apparatus and poly-ubiquitinated 

epitope (arrow) in L4 lumbar spinal cord section of 20 (E) and 35 (F) weeks old T3hSOD1 mouse. G) Bar graph showing the 

number of Golgi fragmented motor neurons in L4 spinal cord sections of G1del versus T3hSOD1 mice. Values represent mean 

± SE from 3 mice per group. Note that no motor neurons with fragmented Golgi occur in non-transgenic, T3 and hSOD1 mice 

at 35 weeks of age. 

Bars: 50 μm (A-C), 10 µm (D-F)
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IF: 1:500 [30]), mouse-anti GM130 (BD Biosciences, 1:200), rabbit-anti GM130 (antibody M07, gift from Dr. M. 
Lowe [31], 1:1000), mouse anti GRASP65 (gift from Dr. M. Lowe [31], 1:200), rabbit-anti-GRASP-1 (Millipore, 1:500), 
rat anti-Mac-2 (Cedarlane, 1:2000), mouse-anti p115 (BD Biosciences, 1:500), sheep anti-hSOD1 (Calbiochem; IF, 
1:5000), rabbit-anti unfolded SOD1 (USOD, gift from Dr. A. Chakrabartty [32], 1:1000), rabbit anti-SOD1 exposed 
dimer interface (SEDI, gift from Dr. J. Robertson [33], 1:1000), mouse anti-ubiquitin (clone FK2; Affinity BioRe-
agents, Golden, CO; 1:2000, rabbit anti-ubiquitin (DAKO, 1:1000).
 Secondary antibodies used for IF or ICC were Alexa-488, -568 or -633- conjugated goat-anti mouse or 
goat-anti rabbit antibodies from Molecular Probes; or FITC, Cy3 or Cy5 anti-rabbit, mouse or goat antibodies 
from Jackson Laboratories; all antibodies were used at 1:400. Biotinylated goat-anti-rabbit or anti-mouse IgG 
(Vector) were used at 1:400. 

Immunocytochemical and histochemical analyses
For immunocytochemistry and immunofluorescence, mice were anaesthetized with pentobarbital and per-
fused transcardially with 4% paraformaldehyde with or without glutaraldehyde (0.05%). The lumbar and cer-
vical spinal cord were carefully dissected out and postfixed overnight in 4% paraformaldehyde. Routinely, 
spinal cord tissue was embedded in gelatin blocks [34], sectioned at 40 µm with a freezing microtome, and 
sections were processed, free-floating, using a standard avidin–biotin–immunoperoxidase complex method 
(ABC, Vector Laboratories, USA) with diaminobenzidine (DAB, 0.05%) as the chromogen, or single-, double- and 
triple-labelling immunofluorescence. Immunoperoxidase-stained sections were analysed and photographed 
using a Leica DM-RB microscope and a Leica DC300 digital camera. Sections stained for immunofluorescence 
were analyzed with a Leica DM-RB epifluorescence microscope and Zeiss LSM 510 and LSM700 confocal laser 
scanning microscopes.

Figure 3. 

CTB tracing and Golgi fragmentation in motor neurons expressing ATF3 or contacted by phagocytosing microglia

A) Confocal image showing a CTB-positive motor neuron with fragmented Golgi and ATF3-positive nucleus (arrow). 

B) Confocal image of motor neurons with fragmented Golgi that are ATF3-negative (arrows) and a motor neuron with  

a normal Golgi apparatus that is ATF3-positive.

C, D) Maximal projections of confocal stacks showing CTB-positive motor neurons contacted by Mac-2 positive microglial 

cells. Bars: 20 μm (A-C)
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Cholera toxin B-fragment (CTB) retrograde tracing
Mice were anaesthetized, immobilized, and Cholera toxin B-fragment (CTB) (0.5% in 2.5 µl saline) was injected 
in the gastrocnemic muscle of 15, 20 and 25 weeks old G1del mice and non-transgenic littermates (Fig. 1A). 
4 days following injections mice were perfused with 4% paraformaldehyde with or without glutaraldehyde 
(0.05%), and their spinal cords were embedded in gelatine blocks, sectioned at 40 µm, and further processed for 
immunohistological procedures. To obtain an estimate of the number of retrogradely labeled motor neurons, 
one in 10 sections was immunoperoxidase-DAB stained for CTB and used for counting CTB-positive cells with 
the aid of an Olympus microscope fitted with a LucividTM miniature monitor and NeurolucidaTM software(Mi-
croBrightField, Colchester, VT, USA). Only CTB-positive cells whose nucleus was partially or entirely present in 
the section, but did not contact the surface of the sections, were counted. 

Quantitative analysis of immunofluorescence images
The proportion of CTB and GM130-positive motor neurons was determined in sections from G1del mice of 15 
(n=3) and 20 weeks (n=3), 4 sections/mouse using a Leica DM-RB epifluorescence microscope with a 63x objec-
tive. First, all large neurons (diameter >20 µm) in the ventral horn both ipsi and contralateral of the injection 
were scored for Golgi fragmentation, and subsequently using the same sections CTB-positive cells were scored 
for Golgi fragmentation.
 The proportion of motor neurons with dendritic GM130 staining was examined in the same material using 
a Zeiss LSM 510 laser scanning microscope. Motor neurons were randomly selected on the basis of the presence 
of at least 2 dendrites that could be followed to the first branching point within the plane of the section, and 
subsequently confocal stacks of CTB and GM130 stacks were collected and analyzed for the presence of den-
dritic GM130 labeling. 
 For analysis of fluorescence intensities, images were collected using a Zeiss LSM 510 confocal laser scanning 
microscope with 63x objective. Fluorescence intensities were determined using Metamorph image analysis 
software.
 Statistical analyzes were performed with MS Excel or Graphpad Prism software using Student’s t-test and 
one-way ANOVA.

Primary neuron cultures and transfection
Primary rat hippocampal neurons were plated at a density of 75.000 on 18 mm glass coverslips and transfect-
ed at DIV13 with GFP, GFP-p150-cc, GFP-BICD2-N or GFP-p50 using Lipofectamine-2000 (Qiagen) as described 
[17,35]. After 2 days of transfection, neurons were fixed and stained with human anti-EEA1 antibodies. Repre-
sentative cells were imaged using a Zeiss LSM 510 confocal laser scanning microscope with a x63 oil immersion 
objective. The number of particles was analyzed using Metamorph software
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RESuLTS

Retrograde labeling of motor neurons with Golgi fragmentation after intramuscular injection 

of cholera toxin B (CTB) 

The present study has been mainly performed with the G1del mice (also termed G1slow) that carry 8 

copies of a human G93A-mutant SOD1 and develop weakness in one or more limbs from age 24-34 

weeks of age and die of fatal paralysis between 30-41 weeks of age [25,28]. The onset of Golgi frag-

mentation in G1del mice is at about 14-15 weeks of age [25]. In view of evidence that degeneration 

of the distal axon is an early event in SOD1-ALS mice preceding the loss of motor neurons [36-38], 

we first examined whether motor neurons with Golgi fragmentation have an intact axon. For this 

purpose, we performed retrograde tracing of Choleratoxin B (CTB) injected in the gastrocnemic 

muscle (Fig. 1A), and double stained lumbar spinal cord sections for CTB and the cis-Golgi matrix 

protein GM130 [39]. CTB is taken up via endocytosis after binding to the ganglioside GM1 in motor 

nerve endings and then retrogradely transported to the cell bodies, where it accumulates in the 

trans-Golgi, lysosomes, and the cytoplasm [40,41]. The number of CTB labeled motor neurons was 

the same as in non-transgenic littermates in G1del mice at 15 and 20 weeks, and was reduced in 

G1del mice at 25 weeks (Fig. 1B), consistent with the onset of motor neuron loss at 25 weeks [25]. 

CTB labeling was present throughout the soma and dendrites. Typically, motor neurons of G1del 

mice showed small vacuolar expansions in the distal portion of the dendrites (Fig. 1C), reflecting 

vacuolated mitochondria [42]. A proportion of CTB-positive cells showed Golgi fragmentation (Fig. 

1D-K). Importantly, the proportion of retrogradely CTB-labeled motor neurons with Golgi fragmen-

tation is the same as the proportion of Golgi fragmented motor neurons in the total population of 

motor neurons (Fig. 1E). This indicates that Golgi fragmentation does not interfere with retrograde 

labeling.

 Consistent with retrograde trafficking to the Golgi apparatus, in all CTB positive motor neurons 

with a normal Golgi and the majority of motor neurons with Golgi fragmentation a large proportion 

of CTB codistributed with GM130 (Fig. 1D, F, G). However, in a subset of CTB-positive motor neurons 

with Golgi fragmentation CTB poorly codistributed with GM130 (Fig. 1 H). In these cells CTB was 

predominantly distributed to large clusters into the cell body (Fig. 1H), while diffuse distribution 

throughout the somato-dendritic compartment and dot-like codistribution with LAMP1, marking 

lysosomes (not shown) did not appear to be affected. The same results were obtained in sections 

double-labeled for CTB and αCGRP (calcitonin-gene related peptide), a peptide that is present in 

the trans-Golgi and secretory granules of most large motor neurons [43]. Thus in the majority of 

CTB-positive motor neurons with Golgi fragmentation a large portion of CTB codistributed with 

CGRP, while in a small subset of Golgi fragmented CTB-positive cells CTB poorly colocalized with 

CGRP (Fig. 1I). Together these data show that although motor neurons with a fragmented Golgi can 

take up, retrogradely transport and redistributing the tracer throughout the somatodendritic com-

partment, a subset of neurons with fragmented Golgi may have compromised retrograde transport 

to the Golgi apparatus. 
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A larger proportion of dendrites with Golgi apparatus in motor neurons with Golgi fragmentation

The presence of CTB enabled to easily distinguish the proximal dendrites extending from the motor 

neurons. A subset of motor neurons in both non-transgenic and G1del mice showed one or more 

GM130-positive ribbons that entered the proximal dendrite and coursed up to the first branching 

point. (Fig. 1J). Also motor neurons with Golgi fragmentation showed Golgi apparatus entering the 

proximal dendrites. In these cells the dendritic Golgi always was fragmented into smaller elements 

(Fig. 1K). Random sampling of motor neurons with 3 or more proximal dendrites extending from 

the cell body in the plane of section, indicated that motor neurons with Golgi fragmentation more 

often showed dendrites with Golgi apparatus (10 of 24 versus 12 of 14 analyzed motor neurons 

with normal or fragmented Golgi apparatus, respectively; see Additional file 1: Table S1). The mean 

number of dendrites per sampled cell was the same for cells with or without Golgi fragmentation 

(3.5 ± 0.14 versus 3.7 ± 0.24 for normal or fragmented Golgi apparatus, respectively; non-signifi-

cant, unpaired student’s t-test; see Additional file 1: Figure S1). Overall, dendritic Golgi apparatus 

occurred 3 times more often in motor neurons with fragmented Golgi (Additional file 1: Table S1 

and Figure S1). These data suggest that motor neurons with Golgi fragmentation show an increased 

probability of extending the Golgi apparatus in one or more proximal dendrites. 

Figure 4. Golgi fragmentation in SOD1-ALS mice is not downstream of apoptotic pathways

A, B) Confocal images of GM130 and ATF3 labeling in spinal motor neurons of a 90 day old fast SOD1-G93A mouse (G1 line) 

crossed into mouse deficient for BAK in all cells and BAX specifically in neurons (DKO) resulting in deficiency of the mitochon-

drial apoptotic pathways. Note, motor neurons with normal (A) and fragmented (B) Golgi apparatus and ATF3 expression 

in motor neurons with fragmented Golgi. C) G1-DKO showed a lower proportion Golgi fragmented motor neurons but this 

difference was not significant (Unpaired Students t-test); values are means ± SE (n=3 mice per group).

D) Confocal image of p115 and GM130 (N-terminus) double labeling in motor neurons in 25 week old G1del mouse showing 

that motor neurons with fragmented Golgi (insert) show the same relative intensity of p115 staining. Bar: 10 μm
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Golgi fragmentation precedes the appearance of somato-dendritic ubiquitin-positive inclusions

We have previously shown that the onset of Golgi fragmentation in G1del coincides with the onset 

of other pathological signs, i.e. the appearance of somatodendritic ubiquitinated SOD1 inclusions, 

the induction of stress transcription factor ATF3 expression, and signs of microglia activation [25,34]. 

For comparison, also in the high-copy fast G1 mouse the onset of Golgi fragmentation at post-natal 

day 30 [23] coincides with the onset of ATF3 expression, signs of ER stress and microglia activation 

[44]. Double-labeling of CTB with antibody against ubiquitinated epitopes revealed CTB-positive 

motor neurons that contained ubiquitinated inclusions (Fig. 2), including cells with large inclusions 

in the proximal dendrite (Fig. 2A) and cells with intense ubiquitin staining throughout most of the 

somato-dendritic compartment (Fig. 2B), likely reflecting cells in a compromised state [25]. CTB was 

also present in the distal ubiquitinated dendrites (Fig. 2C). As previously reported [25] double label-

ing for ubiquitination and GM130 showed that all motor neurons with ubiquitinated inclusions in 

the proximal dendrite or cell body showed fragmented Golgi apparatus, but only represented a 

minority of motor neurons with fragmented Golgi.

 To analyze the relationship between Golgi fragmentation and the accumulation of misfolded 

SOD1 species, we performed double labeling of GM130 with antibodies against SOD1 dimer interface 

(SEDI, [33 5750]) and unfolded beta barrel domain of SOD1 (USOD, [32 5749]). The USOD antibody 

mainly stained vacuolated mitochondria in the axon and distal dendrites, and, in addition, produced 

diffuse staining in the cell bodies of motor neurons and lightly stained ubiquitinated inclusions (not 

shown). The SEDI antibody, apart from light staining of vacuolated mitochondria and some back-

ground staining of astrocytic processes, selectively immunoreacted with the ubiquitinated inclu-

sions (not shown). As with ubiquitinated epitopes, the presence of SEDI immunoreactive inclusions 

in proximal dendrites or cell body in all occasions was associated with Golgi fragmentation (Fig. 2D).

 To further establish the relationship between Golgi fragmentation and the presence of ubiq-

uitin-positive inclusions, we analyzed Golgi fragmentation in spinal cord section of T3hSOD1 mice 

Figure 5. Facilitated Golgi fragmentation in mice G1del motor neurons with impaired dynein function

A) Representative confocal image of L4 lumbar motor neurons of a BN1/G1del transgenic mouse of 28 weeks of age. BN1 

mice express GFP-BICD2-N in 50-60% of the motor neurons [17]. Note Golgi fragmentation in all GFP-BICD2-N neurons and 

normal Golgi apparatus in the other motor neurons. Bar, 20 µm. B) Bar graph showing the proportion of motor neurons with 

Golgi fragmentation in G1del, BN1, and G1del/BN1 mice of 28 weeks of age. Note a large proportion of Golgi fragmented 

motor neurons in GFP-BICD2-N-positive motor neurons of G1del/BN1 mice. GFP-BICD2-N-negative motor neurons of G1del/

BN1 mice show a similar percentage of motor neurons with fragmented Golgi as motor neurons in G1del mice. 
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that express a relatively low level of G93A mutant SOD1 specifically in neurons and in addition 

ubiquitously express high levels of wild-type SOD1 [27]. T3hSOD1 mice develop signs of muscle  

weakness starting from 1 year of age, while dendritic ubiquitinated inclusions are already present 

in a small number of motor neurons at the age of 20 weeks [27,34]. T3hSOD1 showed fragment-

ed Golgi apparatus in a subset of motor neurons. The number of neurons with fragmented Golgi 

increased with aging, and a subset of these also showed ubiquitin positive inclusions in the cell body  

(Fig. 2E-G). Importantly, all motor neurons in T3hSOD1 mice with ubiquitin-positive inclusions in the 

cell body or proximal dendrites showed fragmented Golgi apparatus. A large portion of T3hSOD1 

motor neurons with fragmented Golgi apparatus did not show ubiquitin-positive inclusions in the 

cell body or proximal dendrites, but it can not be excluded that these cells have ubiquitinated inclu-

sions in distal dendrites that cannot be traced back to the cell body.

Golgi fragmentation is independent of ATF3 expression

Double-labeling with CTB with an antibody against ATF3 or activated phagocytosing microglia 

(Mac-2 positive, [34]) revealed CTB-positive motor neurons that expressed ATF3 or were contacted 

by phagocytosing microglia (Fig. 3), indicating that also these pathological signatures precede dis-

tal axon degeneration. Double-labeling of ATF3 and GM130 showed that consistent with previous 

data [25] most (>80%) ATF3-positive motor neurons also have fragmented Golgi (Fig. 3A). Inverse-

ly, however, many motor neurons with fragmented Golgi were ATF3-negative (Fig. 3B). Systematic 

analysis of lumbar sections in 20 weeks G1del mice (n=6) revealed ATF3 expression in 40 ± 6 % of 

motor neurons with Golgi fragmentation. (Mean ± SE, range 25-62 %). Analysis of ATF3 and ubiqui-

tin double labeled sections indicated that all cells with somato-dendritic ubiquitin-positive inclu-

sions are ATF3 positive. Together these data suggest that Golgi fragmentation also precedes ATF3 

expression. 

Golgi fragmentation in SOD-ALS mice does not depend on apoptotic pathways

There is substantial evidence of early activation of apoptotic pathways in SOD1-ALS mice [45,46], 

and accordingly complete blockade of the mitochondrial apoptotic pathway through deletion of 

both BAX and BAK attenuated motor neuron loss and extended survival in high copy (fast) G1 mice 

[29]. Analysis of archival paraffin spinal cord sections from 90 days old G1 BAX-BAK double KO mice 

from the study by Reyes et al. [29] revealed that these mice still show Golgi fragmentation (Fig. 4A-C), 

indicating that Golgi fragmentation in G1 mice is upstream of the mitochondrial apoptotic pathway. 

 Golgi fragmentation in apoptosis may depend on caspase 3 mediated cleavage of sever-

al membrane tethering factors involved in the structural organization of the Golgi, in particular 

GRASP65 and p115 [16,47,48]. We therefore examined whether motor neurons with Golgi fragmen-

tation show reduced expression of these proteins. However, there was no evidence for a relative 

reduction of GRASP65 (not shown) or p115 (Fig. 4D) expression in Golgi fragmented motor neurons. 

Together the data suggest no major role of apoptotic pathways in triggering Golgi fragmentation in 

G1 mice motor neurons. 
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Figure 6. Reduced endosome levels in motor neurons with Golgi fragmentation 

A, B) Confocal images of staining of the endosomal proteins EEA1 (A) and GRASP1 (B) in lumbar spinal cord sections of a 

BN1 transgenic mouse. Note reduced EEA1 and GRASP1 labeling in GFP-BICD2-N positive neurons. C) Analysis of fluores-

cent intensities of GFP-BICD2-N positive versus negative motor neurons showed reduced mean intensities in GFP-BICD2-N 

positive motor neurons (P < 0.05, unpaired Student’s t-test negative versus positive neurons). Note that all values were  

collected from non-transgenic (n=2 mice) and BN1 (n=4) lumbar spinal cord specimen embedded in a single gelatin block and  

processed in the same immunorun (see material and methods).

D-F) Quantitation (D) and representative images (E, F) of GRASP1-labeling in motor neurons with normal and fragmented 

Golgi showing reduced GRASP1 labeling in motor neurons with fragmented Golgi (P < 0.05, unpaired Student’s t-test,  

normal versus fragmented Golgi).

G, H) Confocal images of EEA1-labeling in motor neurons with normal and fragmented Golgi showing reduced EEA1  

labeling in motor neurons with fragmented Golgi. Bars, 10 µm.
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Golgi fragmentation is facilitated in SOD1-ALS mice with reduced dynein/dynactin function 

Fragmentation and dispersion of the Golgi apparatus is a well established consequence of inhi-

bition of the dynein/dynactin microtubule motor complex [49-51]. Accordingly, we showed that 

impairment of dynein function via overexpression of the N-terminus of Bicaudal D2 (BICD2-N) caus-

es Golgi fragmentation in cultured neurons and in vivo in motor neurons of transgenic BICD2-N 

mice [17,52]. Here we have analyzed the occurrence of Golgi fragmentation in double transgenic 

G1del/BICD2-N mice resulting from crossing of G1del mice with BICD2-N mice from the BN1 line. Of 

note, BN1 mice show expression of the BICD2-N transgene in 50-60% of the motor neurons, and 

show Golgi fragmentation only in a small proportion (1-15% depending on the age) of transgenic 

motor neurons [17]. Significantly, nearly 70% of BICD2-N-expressing motor neurons showed Golgi 

fragmentation in G1del/BN1 mice (Fig. 5), which is a much larger proportion than in BICD2-N-neg-

ative motor neurons in G1del/BN1 mice, in BICD2-N-positive motor neurons in BN1 only mice, and 

in motor neurons in G1del only mice (Fig. 5B). These data indicate that impaired dynein/dynactin 

function facilitates the process causing Golgi fragmentation in G1del mice or vice versa and sug-

gest that Golgi fragmentation in G1del mice is related to impaired dynein-dynactin dependent 

trafficking. 

Reduced numbers of endosomes in cells with Golgi fragmentation

Inhibition of dynein-dynactin function, in addition to Golgi fragmentation also causes relocaliza-

tion of other organelles, in particular endosomes that in conditions of impaired dynein-dynactin 

function redistribute to the cell periphery in non-polarized cells [49-51]. We therefore studied the 

distribution of endosomes in motor neurons of BN1 and G1del mice using antibodies against ear-

ly endosome antigen 1 (EEA1) [53] and Rab4 binding protein GRASP-1 [54,55]. Strikingly, instead 

of a redistribution of endosomes to the cell periphery, BICD2-N-expressing motor neurons in BN1 

mice showed an overall reduction of endosomal labeling in both EEA1 and GRASP1 stained sections  

(Fig. 6A-C). The same was observed in motor neurons with Golgi fragmentation in G1del mice which 

showed reduced levels of GRASP1 and EEA1 staining that correlated with the severity of Golgi 

fragmentation (Fig. 6D-H). In both BICD2-N and G1del mice, changes in endosomal labelling were 

most evident in sections stained for GRASP-1, as reduced labelling was associated with a loss of 

the relatively large particles. These data indicate that motor neurons with Golgi fragmentation in 

G1del mice reproduce an additional organelle abnormality that also occurs in motor neurons with 

impaired dynein/dynactin function. 

Reduced levels of endosomes in neurons after inhibition of dynein/dynactin

The above data indicate a different effect of dynein/dynactin inhibition on endosome distribution 

in neurons versus non-polarized cells. To further substantiate these differences, we examined the 

effect of dynein/dynactin inhibition on the distribution of endosomes in primary cultured hippo-

campal neurons. In accord with reduced endosomal labelling in motor neurons of BICD2-N mice, 

inhibition dynein-dynactin function in primary cultured hippocampal neurons by overexpres-

sion of BICD2-N, the dynactin subunit p50, or a dominant-negative dynactin construct (p150-cc1) 
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[17,35,49] also resulted in reduced endosomal labelling rather than a redistribution of endosomes 

to the cell periphery (Fig. 7). These data support that reduced endosomal labelling in motor neu-

rons with Golgi fragmentation in G1del mice may reflect impaired dynein/dynactin function.

Figure 7. Reduced endosome levels after dynein- 

dynactin inhibition

A-D) Primary hippocampal neurons expressing the 

dynactin subunit p50 (GFP-p50), a dominant-neg-

ative dynactin construct (GFP-p150-cc1) or GFP-

BICD2-N, show reduced EEA1 labelling and a lower 

EEA1+ particle density compared to GFP transfected 

and untransfected neurons (A). Inset shows enlarge-

ment of soma. Bar: 10µm. 

E) Quantification of the relative particle density. **, 

p<0.01, one-way ANOVA.
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DISCuSSIon

Golgi fragmentation is a well-established feature of ALS spinal and cortical motor neurons, that also 

occurs in some other neurodegenerative conditions, is reproduced in SOD1-ALS mice and some 

cellular ALS models [6,56], but is not found in degenerating motor neuron in a non-ALS disorder [57] 

and non-ALS mouse models [58]. Golgi fragmentation in ALS and ALS mouse models also differs 

from the large variety of Golgi apparatus abnormalities observed in motor neurons of a DNA-repair 

deficient mouse model [59]. In motor neurons of ALS patients, the presence of Golgi fragmentation 

correlates with an abnormal TDP-43 distribution or the presence of inclusions, suggesting a rela-

tionship between Golgi fragmentation and the presence of protein aggregates [21,22,60]. Accord-

ingly, here we show in SOD1-ALS mice that Golgi fragmentation occurs in all motor neurons with 

ubiquitinated SOD1 inclusions. However, the majority of motor neurons with Golgi fragmentation 

did not show such inclusions. This can be explained by the presence of inclusions in dendrites that 

were not in the plane of the section, or small aggregates that are not detectable at the light micro-

scopic level [61]. Alternatively, Golgi fragmentation may be caused by a process upstream of large 

aggregates, perhaps mediated by toxic misfolded or oligomeric SOD1 species [61,62]. Using anti-

bodies against misfolded and aggregated SOD1 species (USOD and SEDI, [32,33 ] we did not detect 

changes that showed a consistent correlation with Golgi fragmentation. 

 In the present study, we also show that motor neurons with Golgi fragmentation more fre-

quently display Golgi apparatus within the proximal dendrite. Despite the limitations of our analysis, 

in that we only analyzed the dendrites in the transverse plane, the data indicate that the likelihood 

for a proximal dendrite showing Golgi apparatus is 3-4 times higher in cells with Golgi fragmenta-

tion. Data from hippocampal neurons indicate that the Golgi apparatus orients toward the longest 

dendrite, and that the presence of the Golgi apparatus and Golgi outposts (i.e. discrete compart-

ments that are discontinuous with somatic Golgi) into dendrites relates to local secretory demands 

[9,63,64]. Thus the increased presence of Golgi apparatus in dendrites and perhaps also Golgi frag-

mentation may reflect a reorganization of the secretory pathway in response to increased secretory 

demands from specific dendrites, e.g. to repair dendritic damage.

 Several findings suggest that Golgi fragmentation in SOD1-ALS motor neurons is associated 

with reorganized or aberrant trafficking: First, fragmentation into ministacks is reminiscent of Gol-

gi fragmentation resulting from impaired dynein-dependent transport [6,17]. Second, a subset of 

neurons with Golgi fragmentation, in spite of their ability of take up, retrogradely transport, and 

redistribute the CTB throughout the somatodendritic compartment, do not show accumulation of 

CTB in the trans-Golgi, suggestive of impaired endosome to Golgi retrograde trafficking. Third, we 

show a large increase in Golgi fragmentation in G1del mouse crossed with a mouse model show-

ing impaired dynein/dynactin dependent transport, indicative of a synergistic interaction between 

the process causing Golgi fragmentation and dynein-dynactin dependent trafficking. Fourth, we 

show that motor neurons with Golgi fragmentation like motor neurons with impaired dynein/dyn-

actin function show reduced expression of endosomal markers. Of note, the endosomal chang-

es that we observed in motor neurons with impaired dynein/dynactin function are different from 
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those observed in cultured non-neuronal cells with radially oriented microtubules. The differences 

between neurons and other cells may follow from differences in microtubule organization as well as 

differences in endosomal functional pathways [65,66]. 

 Previous data from BICD2-N transgenic mice suggested Golgi fragmentation is not necessarily 

detrimental [17]. Furthermore, we showed that G1del mice crossed with BICD2-N transgenic mice 

show increased life span, which combined with the finding of the present study that these mice 

show increased levels of Golgi fragmentation, suggests that Golgi fragmentation is not detrimental 

and perhaps reversible in SOD1-ALS mice. A recent study demonstrates reversible Golgi fragmen-

tation in hippocampal neurons cultured in hyperexcitable conditions [18]. Reversible Golgi frag-

mentation has also been shown to be part of a cytoprotective DNA damage response, where DNA 

damage protein kinase, DNA-PK, via phosphorylation of the Golgi protein GOLPH3 enhances the 

interaction between

GOLPH3 and the myosin MYO18A and facilitates Golgi vesiculation [19]. The extent to which Golgi 

fragmentation in ALS motor neurons also is part of a coordinated stress response, that for instance 

is triggered by the presence of protein aggregates, remains to be established.

 Multiple pathological events have been identified in SOD1-ALS mice models, including mito-

chondrial abnormalities, ER stress, proteotoxic stress, abnormal ion and glutamate homeostasis, 

abnormal axonal transport, axonal degeneration, and non-cell autonomous toxic events mediat-

ed by glial cells, but the relationship between these events, and the extent to which they occur 

in SOD1-ALS and other ALS patients remains to be established [67]. Golgi fragmentation is a well 

established feature of ALS motor neurons. In the present study we confirm that Golgi fragmenta-

tion is a very early event that precedes ATF3 induction and degeneration of the distal axon, and 

occurs independently of the activation of apoptosis pathways. Thesedata, for instance, challenge 

the notion that ALS primarily is a dying back axonopathy as suggested by some studies [36-38]. 

Conclusions

Together the data indicate that Golgi fragmentation is a very early event in the pathological cascade 

in ALS that is associated with altered organization of intracellular trafficking. We propose that Golgi 

fragmentation is an early response to deleterious mechanisms shared by several ALS forms. Further 

identification of the mechanisms upstream of Golgi fragmentation will provide important insights 

in ALS pathogenesis.
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ABSTRACT 

Background: To establish and maintain their polarized morphology, neurons employ active trans-

port driven by molecular motors to sort cargo between axons and dendrites. However, the basic 

traffic rules governing polarized transport on neuronal microtubule arrays are unclear.

Results: Here we show that the microtubule minus-end directed motor dynein is required for the 

polarized targeting of dendrite-specific cargo, such as AMPA receptors. To directly examine how 

dynein motors contribute to polarized dendritic transport, we established a trafficking assay in hip-

pocampal neurons to selectively probe specific motor protein activity. This revealed that, unlike 

kinesins, dynein motors drive cargo selectively into dendrites, governed by their mixed microtu-

bule array. Moreover, axon-specific cargos, such as presynaptic vesicle protein synaptophysin, are 

redirected to dendrites by coupling to dynein motors. Quantitative modeling demonstrated that 

bidirectional dynein-driven transport on mixed microtubules provides an efficient mechanism to 

establish a stable density of continuously renewing vesicles in dendrites. 

Conclusions: These results demonstrate a powerful approach to study specific motor protein activ-

ity inside living cells and imply a key role for dynein in dendritic transport. We propose that dynein 

establishes the initial sorting of dendritic cargo while additional motor proteins assist in subsequent 

delivery. 

 

InTRoDuCTIon

A neuron’s ability to receive, process and transmit information depends on its polarized organiza-

tion into axons and dendrites. While axons transmit signals by releasing neurotransmitters from syn-

aptic vesicles, dendrites receive information using neurotransmitter receptors [1-3]. To establish and 

maintain this complex morphology, neurons employ active transport driven by microtubule-based 

motor proteins to sort cargo (such as synaptic vesicles and glutamate receptors) between axons and 

dendrites [4]. These motor proteins drive cargo transport by moving along microtubules to their 

plus end (most kinesins) or minus end (dynein) [5,6].

 Although many different microtubule-based motor proteins have been found to participate in 

neuronal cargo transport, the basic principles underlying polarized transport are unknown [4,6,7]. 

Motors could move cargo specifically into axons or dendrites or, alternatively, move non-specifically 

while cargo is selectively retained at the required destination [4,7-9]. Current models for polarized 

transport heavily rely on microtubule plus-end directed kinesin family members [4,10,11], but to 

what extent these motors distinguish between axons and dendrites has remained unclear. 

 While in mature neurons axonal microtubules have uniform orientations with all plus ends 

pointing outward, microtubules in mature proximal dendrites have mixed orientations [12-16]. This 

raises important questions about the establishment of directional transport in dendrites. First of all, 

how can directional transport be established if plus- and minus-end directed motors themselves 

can move bidirectionally on mixed microtubule arrays in dendrites? While in axons selective acti-
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Dynein drives dendritic transport

vation of either kinesin or dynein will determine the direction of transport, selective activation of 

unidirectional motors on a uniformly mixed microtubule array will not determine directionality 

unless motor proteins use subsets of uniformly oriented microtubules. Secondly, the presence of 

minus-end out oriented microtubules in dendrites suggests that recruitment of the microtubule 

minus end-directed motor protein dynein could establish selective transport from the cell body 

to dendrites [17]. Indeed, dynein has been implicated in dendritic transport in Drosophila neurons 

[18,19], where microtubules in dendrites have uniform polarity opposite to that of axons (i.e. with 

all minus-end pointing outwards) [20]. However, whether dynein plays a role in dendrite-specific 

transport in mammalian neurons, where polarity is mixed and plus-end out microtubules dominate 

more distally, is unknown.
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Figure 1: Dendrite-specific targeting of GluR2 depends on dynein

(A-D) Representative images of hippocampal neurons cotransfected at DIV13 with HA-GluR2 and control GFP (A, B) or 

GFP-p50/dynamitin (C, D) and stained after 2 days with an antibody to HA (red) and the axonal marker tau (blue). Axonal seg-

ments are enlarged to show the HA-GluR2 signal in control (B) and GFP-p50 transfected (D) neurons. Arrows mark the axon.

(E) Quantification of endogenous GluR2 fluorescence label intensities in axons and dendrites of hippocampal neurons trans-

fected at DIV13 for 2 days with GFP or GFP-p50. Staining was done with a mouse antibody to GluR2. See also Figure S1E.

(F) Validation of the polarity index (see text and methods) using dendrite-specific MAP2, axon-specific tau and uniformly 

distributed α-tubulin. 1 indicates pure dendritic labeling, -1 pure axonal labeling.

(G) Polarity index of endogenous GluR2, total HA-GluR2 and surface HA-GluR2 for neurons transfected with GFP or GFP-p50. 

Scale bars, 20 μm. See also Figure S1.
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 Here we investigate the role of dynein in dendrite-selective cargo transport. We show that 

dynein inhibition disrupts the dendrite-specific localization of AMPA receptors. Directly address-

ing how specific motors contribute to neuronal transport is challenging because vesicular cargos 

typically have multiple types of motors attached whose activities are often highly regulated [6,21]. 

Therefore, visualizing cargo trafficking does not necessarily report the activity of specific motors. 

To directly examine how motors contribute to polarized dendritic cargo transport we established 

a trafficking assay in hippocampal neurons to selectively probe specific motor protein activity. 

This revealed that, while kinesin-1/Kif5 and kinesin-2/Kif17 predominantly target the axon, dynein 

motors drive cargo selectively into dendrites. Inside dendrites, dynein drives bidirectional trans-

port with equal speeds and burst lengths in both directions. Numerical and mathematical modeling 

revealed how bidirectional movement on mixed microtubule arrays results in efficient dendritic 

targeting with a limited number of vesicles. Together, our results establish a key role for dynein in 

driving cargo transport selectively into dendrites.

 

Figure 2: Using inducible dimerization to selectively recruit and probe specific microtubule-based motor proteins

(A) Assay: fusion construct of PEX, RFP and FKBP targets peroxisomes. Fusion of FRB with truncated motor construct (Kif5 

or Kif17) or with dynein/dynactin adaptor (BICDN) is recruited to FKBP and consequently the peroxisomes upon addition of 

rapalog1. A truncated dynein (DHC(1453-4644)) fused to FKBP* and FRB is first dimerized by rapalog2.

(B) Peroxisome motility upon recruitment of Kif17. Time (minutes:seconds) starts with rapalog1 addition. Yellow curves indi-

cate cell outline. Box indicates region used for kymography (C). See Movie S1.

(C) Kymograph of recording shown in B, acquired with 10 second intervals. White arrow marks rapalog1 addition (3:45). 

(D) Overlay of sequential binarized images from the recording in B, color-coded by time.

(E, F) Peroxisome distribution before and after rapalog1 addition in the presence of Kif5 (E) or BICDN (F). See Movie S2.

(G-J) Kinesin-1 motility on individual microtubules in COS7 cells expressing Cherry-tubulin, Kif5-FRB and PEX-GFP-FKBP. 

(G) Microtubules in COS7 cell. Average over 10 frames.

(H) Image of region shown in F, displaying for each pixel the maximum intensity of PEX-GFP-FKBP during a acquisition series 

of 255 frames at 2 frames/second.

(I) Peroxisome tracks superimposed on F. Yellow tracks change direction upon switching to a different microtubule. See 

Movie S3.

(J) Kymograph showing unidirectional Kif5-driven peroxisome motility on an individual microtubule. Taken at 10 frames/

second. 

(K-O) Dynein motility on individual microtubules in COS7 cells expressing Cherry-tubulin, BICDN-FRB and PEX-GFP-FKBP. 

(K) Microtubules in COS7 cell. Average over 50 frames.

(L) Peroxisome tracks superimposed on K. Yellow tracks change direction upon switching to a different microtubule. Red 

lines indicate geometry of microtubules used in track 9, with arrow pointing towards the microtubule plus-end (inferred 

from peroxisome directionality). See Movie S4.

(M) Position versus time for the unidirectional tracks from L.

(N) Position versus time for tracks from L that change direction. Change of color marks interaction with a different  

microtubule.

(O) Kymograph created along the light red microtubule in L. Scale bars, 10 μm (except in J and O; 5 μm).
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RESuLTS

Dendrite-specific targeting of GluR2 depends on dynein

AMPA-type glutamate receptors are selectively transported to dendrites in mature hippocampal 

neurons [22] (Figure 1A,B). To examine the role of dynein in the dendritic trafficking of AMPA recep-

tor GluR2 subunits we inhibited dynein function by expressing GFP-tagged p50/dynamitin [23]. 

We observed that hippocampal dendrite morphology was severely impaired upon dynein inhibi-

tion (Figure S1A-D), consistent with a role for dynein in targeting dendritic cargo. Moreover, the 

GluR2 distribution in GFP-p50 expressing neurons was dramatically different from controls; GluR2 

labeling was no longer exclusively present in dendrites, but now also appeared in the axon (Figure 

S1E). Comparing GFP-p50 neurons to GFP controls by measuring the immunofluorescent intensity 

demonstrated a decrease in endogenous GluR2 in the dendrites as well as an increase in the axon 

(Figure 1E). In contrast, kinesin-1 inhibition did not affect GluR2 levels in axons nor dendrites (data 

not shown). Co-expression of HA-tagged GluR2 subunits and GFP-p50 confirmed the loss of polar-

ized GluR2 distribution upon dynein inhibition (Figure 1A-D, Figure S1F-G).

 To further quantify GluR2 distribution in GFP-p50 neurons, we measured both the average 

dendrite intensity Id and average axonal intensity Ia and calculated the Polarity Index (PI) using 

PI=(Id-Ia)/(Id+Ia). For uniformly distributed proteins Id=Ia and PI=0 (α-tubulin: 0.02 ± 0.06, Figure 1F), 

whereas PI > 0 or PI < 0 indicates polarization towards dendrites and axons, respectively (MAP2: 

0.98 ± 0.04, tau: 0.98 ± 0.05, Figure 1F). GluR2 staining in control neurons yielded a PI of 0.85 ± 0.07 

(Figure 1G), comparable with the dendritic marker MAP2. In GFP-p50 neurons, the PI of GluR2 is -0.01 

± -0.06 and similar to non-polarized α-tubulin, indicating that GluR2 was now uniformly distributed 

in both axons and dendrites (Figure 1G). These data demonstrate that the microtubule minus-end 

directed motor protein dynein is essential for polarized sorting of AMPA receptor GluR2 subunits. 

Upon dynein inhibition, dendrite morphology and polarized neuronal transport are lost and den-

drite specific cargo (such as AMPA receptors) enters the axon. 

Inducible and selective cargo binding of specific microtubule-based motor proteins

We hypothesized that activation of specific motor proteins governs the sorting both to axon and 

dendrites and wanted to test whether dynein motor recruitment to cargo is sufficient to estab-

lish dendrite-specific targeting. Probing selective motor proteins using endogenous carriers (such 

as AMPA receptor containing vesicles) is challenging because these cargos typically have differ-

ent types of motors attached, precluding direct determination of the active type of motor that is 

driving vesicle motility at any given moment. We therefore developed a well-controlled trafficking 

assay in hippocampal neurons that allows inducible recruitment of specific motor proteins to drive 

cargo transport. In this assay, addition of a cell-permeable small molecule during live-cell imaging 

triggers the binding of specific kinesin or dynein motor proteins to stationary peroxisomes, which 

then report the activity of that particular motor (Figure 2A). Peroxisomes are labeled by expressing 

PEX-RFP-FKBP, a fusion construct of PEX-RFP, peroxisomal targeting signal coupled to the Red Fluo-

rescent Protein (RFP), and FKBP12, a domain that can be crosslinked to a FRB domain using an analog 
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of the natural product rapamycin (AP21967, from now on called rapalog1) [24]. Truncated kinesin 

motors or dynein/dynactin interacting proteins, which are known to be constitutively active with-

out interference of regulatory pathways [25,26], were fused to a FRB fragment and co-expressed 

with PEX-RFP-FKBP. 

 We first tested the trafficking assay in COS-7 cells, which contain radial microtubule arrays con-

sisting of long microtubules running from the centrosome. In the absence of rapalog1, most peroxi-

somes were distributed nearby the cell center and relatively immobile (Figure 2B-F, see also Movie 

S1). Furthermore, rapalog treatment of cells only expressing PEX-RFP-FKBP did not induce motility. 

In contrast, addition of the rapalog1 to cells co-expressing the plus-end directed motor proteins Kif5 

(Kinesin-1) or Kif17 (Kinesin-2) induced a rapid redistribution of peroxisomes to the cell periphery, 

where most microtubule plus ends are located (Figure 2B-E, Movie S1), consistent with a selective 

activation of plus-end directed motors. To selectively probe movement driven by minus-end direct-

ed dynein, we used the N-terminus of the dynein/dynactin interacting protein BICD2 fused to FRB 

[26]. Addition of rapalog to cells expressing PEX-RFP-FKBP and BICDN-FRB resulted in the strong 

redistribution of peroxisomes to the center of the cell, where most minus-ends are located (Figure 

2F, Movie S2). These results demonstrate that our strategy successfully recruits the motor of interest 

to peroxisomes to induce their motility.

 To test whether our approach reports specific unidirectional motor activity, peroxisome move-

ment on individual microtubules was examined. COS7 cells expressing Cherry-α-tubulin, PEX-GFP-

FKBP and BICDN-FRB or Kif5-FRB were visualized using high-speed dual-color total internal reflection 

microscopy (TIRFM), which allowed individual microtubules and peroxisomes to be imaged side 

by side. Before induction most peroxisomes were immobile, without apparent colocalization with 

microtubules. Upon addition of rapalog, more and more vesicles moved on microtubules. All vesi-

cles moving on a given microtubule moved in the same direction and reversals were not observed, 

indicating that the motors recruited to the peroxisomes functioned without interference of oppo-

sitely directed motors (Figure 2G-M, Movie S3 and S4). Interestingly, vesicles still frequently changed 

direction, but only by switching to a differently oriented microtubule (Figure 2H,I,L,N,O). Together 

with the experiments that revealed a robust accumulation in either the cell periphery or cell center 

(Figure 2B-F), these results validate our strategy in which peroxisomes report on the unidirectional 

motility of specific motors recruited to it by inducible dimerization.

Dynein can drive anterograde transport in dendrites 

To examine motor-specific motility on neuronal microtubule networks, we next performed our 

assay in mature hippocampal neuron cultures. In neurons with moderate expression of PEX-RFP-

FKBP, peroxisomes were largely immobile and predominately localized to the somatodendritic 

compartment (Figure 3B,E). Addition of rapalog1 to neurons co-expressing Kif5-FRB or Kif17-FRB 

induced a rapid burst of peroxisomes from the cell body into the axon (Figure 3A-C,G,H, Figure 

S2A,B, Movie S5). Addition of rapalog1 to neurons co-expressing BICDN-FRB and PEX-RFP-FKBP 

caused the perinuclear accumulation of several peroxisomes (Movie S6 and S9). However, many 

other peroxisomes moved away from the cell body into the primary dendrites but never entered 
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the axon (Figure 3D-F,I, Movie S6 and S9, see also Figure 4 and 5). Measuring the intensity change 

in axons and dendrites and calculating the PI values over time directly demonstrated that, whereas 

Kif5 and Kif17 predominantly drove transport into axons, dynein motors drove cargo selectively into 

dendrites (Figure 3G-M). 

 Although Kif5 and Kif17 predominantly targeted the axon, both could induce motility of cargo 

already present inside dendrites (Figure S2C-E). Unlike Kif5, Kif17 recruitment also slightly increased 

the number of peroxisomes inside dendrites (Figure 3K). To test whether Kif5 exclusion from den-

drites depended on the microtubule modifications typically found on stable microtubules [27-29], 

we treated neurons with low doses of paclitaxel to stabilize the microtubules in axons and dendrites 

[29]. In these conditions, Kif5-driven peroxisomes now also targeted dendrites (Figure 3J-M), consis-

tent with earlier work demonstrating a strong preference of Kif5 for stable microtubules [28-30].

Upon rapalog1 addition, peroxisomes moved unidirectionally on individual microtubules in COS-7 
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cells, indicating that the motors recruited to the peroxisomes functioned without strong interfer-

ence of oppositely directed motors (Figure 2G-M). Nevertheless, peroxisomes in neurons might still 

have motors attached that influence their motility. We therefore developed an alternative method 

in which motor proteins drive the transport of exogenous fluorescent protein particles, also referred 

to as the PIM (particles induced by multimerization) trafficking assay (Figure 4A). Here, the peroxi-

somal targeting sequence was replaced by FKBP*, a domain that homodimerizes upon addition of 

AP20187 (Figure 4A). In COS-7 cells expressing FKBP*-RFP-FKBP, addition of AP20187 (from now on 

called rapalog2) led to the formation of uniform red fluorescent particles and co-expression with 

BICDN-FRB and addition of both rapalog1 and rapalog2 induced a rapid redistribution of these par-

ticles to the cell center (Figure 4B,C), similar to the peroxisome assay. Consistently, in hippocampal 

neurons, BICDN-FRB was capable of redistributing the fluorescent particles out of the axon and 

into dendrites (Figure 4D,E). These results validate our strategy to use peroxisomes to report on the 

unidirectional motility of specific motors and show that dynein drives dendritic cargo transport 

independent of its molecular context.

Dynein targets dendrites through bidirectional runs

To examine in more detail the dynamics of dynein-driven motility in dendrites, we studied the 

trajectories of individual peroxisomes at high acquisition rates (every one or two seconds, Figure 

5A-D). We observed that after induction peroxisomes targeted the dendrites with bidirectional runs 

(Figure 5D and Movies S9 and S10). Acquisition of zoomed regions at increased frame rates (5-10 

Figure 3: Polarized redistribution of peroxisomes by Kif5, Kif17 and dynein in hippocampal neurons

(A) Morphology of neuron expressing GFP, PEX-RFP-FKBP and Kif5-FRB, visualized by imaging GFP. Red arrow marks axon. 

(B) Images displaying for each pixel the maximum intensity of PEX-RFP-FKBP during the indicated imaging interval 

(minutes:seconds) for the neuron in A. Dendrites do not change upon rapalog addition at 0:00; no new peroxisomes are 

entering. Axon intensity increases upon rapalog addition, starting proximally and progressing outward (indicated by 

arrows), revealing the continuous entry of peroxisomes into the axon. See Movie S5.

(C) Overlay of sequential binarized images from the recording in B, color-coded by time. Red indicates regions targeted upon 

addition of rapalog1 (i.e. axon).

(D) Morphology of neuron expressing GFP, PEX-RFP-FKBP and BICDN-FRB, visualized by imaging GFP. Red arrows mark axons. 

(E) Maximum projections of PEX-RFP-FKBP for the neuron in D. Upon dynein recruitment dendrites, and not axons, are tar-

geted, as indicated by yellow arrows. See Movie S6.

(F) Overlay of sequential binarized images from the recording in B, color-coded by time. Red indicates regions targeted upon 

addition of rapalog1 (i.e. all dendrites).

(G-J) Intensity time traces of axons and dendrites before and after rapalog addition for Kif5 (G, N = 4 neurons), Kif17 (H, N = 

4), BICDN (I, N = 4), and Kif5 in neurons treated with paclitaxel (J, 200 nM paclitaxel for 5 hrs, N = 5). Traces were normalized 

to the average intensity before rapalog addition. 

(K) Final relative intensity of dendrites and axons, obtained by averaging over the interval 20:00-25:00 of the traces in G-J. 

(L) Time traces showing the change of polarity index (PI) upon addition of Rapalog1 for the indicated experiments. Obtained 

from G-J as PI=(Id(t)-Ia(t))/(Id(t)+Ia(t)).

(M) Final PIs obtained by averaging over the interval 20:00-25:00 of the traces in L. Negative/positive values indicate per-

oxisome translocation into axons or dendrites, respectively. Error bars indicate s.e.m. Scale bars, 20 μm. See also Figure S2.
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frames per second, Figure 5E) revealed that the motility of peroxisomes in dendrites had three com-

ponents. Vesicles either moved anterograde at constant velocity (mean velocity ± s.e.: 1.05 ± 0.04 

μm/s, mean burst length ± s.e.: 2.6 ± 0.2 μm, N = 100 bursts), paused or moved retrograde at a similar 

velocity (1.08 ± 0.05 μm/s, mean burst length ± s.e.: 2.6 ± 0.2 μm, N = 62 bursts). This resembles the 

behavior observed at microtubule intersections in COS-7 cells (Figure 2N,O), suggesting that pauses 

and reversals are caused by the interaction with oppositely oriented microtubules. 

 Dendrite specific bidirectional runs were also observed with BICDN-FRB recruited to PIM, 

excluding a role for plus-end directed motors in the bidirectional motility (Figure 5F). To further 

strengthen the above findings we created a minimal processive minus-end directed motor con-

struct using a truncated form of dynein heavy chain (Figure 2A). DHC(1453-4644), comprising the 

microtubule binding site and catalytic AAA ring, but not the putative dimerization domain, was 

fused to both FKBP and FKBP*. Addition of rapamycin to an analogous construct based on yeast 

dynein has previously been shown to induce its (slow) unidirectional motility in a cell-free system 

[31] . Consistently, our construct induced bidirectional dendritic motility of peroxisomes upon addi-

tion of both rapalog1 and rapalog2 (Figure 5G), albeit at a slower pace than with BICDN, suggesting 

that efficient dynein motility requires additional regulatory elements absent in the truncated DHC 

construct. Altogether, these results indicate that dynein drives transport from the cell body into 

dendrites by exploiting the mixed polarity of microtubules in dendrites.

Modeling dynein motility on mixed polarity bundles

Intuitively, bidirectional runs seem inefficient to transport cargo. However, unbiased bidirection-

al runs of 2.7 μm at 1.1 μm/s would resemble one-dimensional diffusion at 1.5 μm2 s-1 [32], which 

is much faster than passive motility observed for organelles inside cells (1-50 x 10-4 μm2 s-1) [33] . 

Moreover, a dynein-driven random walk cannot occur in axons and is therefore sufficient to estab-

lish dendrite selectivity. Nevertheless, motility cannot be totally unbiased, because more microtu-

bules are oriented with their plus ends outward in distal dendritic regions [12], possibly preventing 

dynein-driven anterograde transport to these regions. To examine the targeting efficiency and 

expected particle density for dynein-driven transport on non-uniform microtubule arrays, we 

numerically modeled vesicle behavior on different types of mixed polarity arrays (Figure S3, Figure 

5H-J). Both uniform microtubule orientations (Figure S3C) and uniformly mixed orientations (Figure 

S3D) resulted in a constant particle density along the dendrite length (Figure S3F,G), although the 

time to establish a stable density was longer with mixed orientations (~L2/vl versus ~L/v (uniform), 

with L the dendrite length, v motor velocity, l the directional burst length). Mixed arrays with a gra-

dient of minus-ends, as observed experimentally [12] (Figure S3A,B), displayed uniform density in 

the first part and a gradually attenuating density in the second part (Figure S3E,H). For a dendrite of 

100 μm and a burst length of 3 μm, the density at 75 μm was reduced by ~90% (Figure S3H). We then 

derived a general mathematical expression for the expected equilibrium particle density and could 

successfully describe all final density profiles obtained from the simulations (Figure S3F-H, see Sup-

plemental Information for derivation). As expected, particles on uniform arrays never turned back 

and piled up at the dendrite tip (Figure S3C). Consequently, maintaining a constant density required 
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ever more particles to enter the dendrite (Figure S3I). In contrast, the number of dendritic particles 

saturated in both scenarios with mixed orientations and a constant number of particles was suf-

ficient to maintain the equilibrium density (Figure S3J,K). These results indicate that bidirectional 

runs provide an efficient mechanism to maintain a stable density with a limited number of vesicles.

Dynein recruitment redistributes axonal cargo into dendrites 

We have shown that dynein inhibition causes dendrite-specific cargo (GluR2) to mislocalize to the 

axon (Figure 1). We furthermore showed that dynein can autonomously drive peroxisomes and PIMs 

into dendrites (Figure 3-5). We finally wanted to test if dynein could redistribute axon-specific cargo 

into dendrites. Synaptophysin, a glycoprotein present in the membrane of presynaptic vesicles, was 

fused to FKBP and GFP and co-expressed with BICDN-FRB. Addition of rapalog1 resulted in a marked 

decrease of the axonal intensities, as well as increase of dendritic intensity (Figure 6). These results 

directly demonstrate that, in addition to driving retrograde transport in axons, dynein functions in 

neurons to drive anterograde transport into dendrites.

Figure 4: Dynein transports exogenous particles into dendrites

(A) PIM trafficking assay: fusion construct of FKBP*, RFP and FKBP multimerizes upon addition of Rapalog2 and recruits 

motors upon addition of Rapalog1.

(B) Time series showing the emergence and translocation of fluorescent particles upon addition of Rapalog2 and Rapalog1 

in COS-7 cells coexpressing BICDN and FKBP-RFP-FKBP*. Box indicates region used for kymography (C).

(C) Kymograph of recording shown in B. 

(D) Time series showing the emergence and translocation of fluorescent particles upon addition of Rapalog2 and Rapalog1 

in DIV15 hippocampal neurons coexpressing BICDN and FKBP-RFP-FKBP*. Arrow marks the axon. See Movie S8.

(E) Normalized intensity time traces of axons and dendrites before and after rapalog1 addition. Scale bars, 10 μm.
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DISCuSSIon

In this study, we establish a key role for dynein in the dendrite-specific targeting of neuronal cargo. 

We found that dynein inhibition disrupts the polarized distribution of dendrite-specific GluR2 and 

severely impairs dendrite morphology. To selectively probe specific microtubule-dependent motors 

in neurons we have developed a new intracellular transport assay and found that motor activity 

itself is highly polarized between axons and dendrites. Kinesin motors predominantly drive trans-

port into axons, while minus-end directed dynein selectively drives transport into dendrites. These 

two extreme targeting preferences provide a neuron with a straightforward mechanism to selec-

tively transport cargo into axons or dendrites by recruiting or activating the proper motor protein. 

 Axonal targeting of kinesin-1 is consistent with earlier work demonstrating preferential axo-

nal localization [29,30,34] and most likely depends on microtubule modifications that enhance 

kinesin binding [27,29,30,35]. This is supported by our finding that upon treatment with paclitaxel, 

which stabilizes all microtubules and allows them to accumulate more modifications, kinesin also 

efficiently targets dendrites. Dynein motility, on the other hand, appears governed predominantly 

by microtubule orientations rather than modification. The uniform orientations in axons prevent 

dynein entry, whereas the mixed orientations in dendrites result in bidirectional runs with similar 

speeds and burst lengths in both directions. 

Dynein sorts dendritic cargo 

Recent work revealed the existence of an actin-based sieve in the axon initial segment that pre-

vents entry of large thermally diffusing macromolecules [11]. While individual Kif5 and Kif17 motor 

proteins could still move through this barrier, some motor-cargo combinations could not. It was 

proposed that kinesin-cargo combinations with high efficacy could cross the barrier and target the 

axon (Kif5 plus cargo), while combinations with reduced efficacy (Kif17 plus cargo) would automat-

ically target dendrites [11]. In contrast, other recent data suggested that Myosin-V functions at the 

Figure 5: Dynein targets dendrites through bidirectional runs

(A) Hippocampal neuron expressing GFP, PEX-RFP-FKBP and BICDN-FRB, visualized by imaging GFP. Red arrow marks the axon. 

(B) Maximum projections of PEX-RFP-FKBP for the neuron in A. Upon dynein recruitment dendrites, and not axons, are tar-

geted, as indicated by yellow arrows. See Movie S9. (C) Enlargement of B for the region marked with a dotted box in A. (D) 

Kymograph of the region labeled D in A. Rapalog was added at the start of the recording (marked by yellow arrow). (E) Kymo-

graph of the region labeled E in A. Image sequence was acquired 16 minutes after induction with a QuantEM camera using 

streaming acquisition and 150 ms exposure time. See Movie S10. (F) Kymograph showing the motility of induced fluorescent 

particles after recruitment of BICDN (PIM trafficking assay). (G) Kymograph showing the change in motility of peroxisomes 

upon recruitment of DHC(1453-4644) by addition of Rapalog1 (marked by yellow arrow). Imaging was briefly interrupted at 

34:00. See also Movie S11. (H) Simulated kymograph showing the expected motility of dynein-driven cargo motility in den-

drites. For clarity, every tenth particle is displayed brighter. See Figure S3 and Supplemental Information for details. (I) Den-

sity of particles obtained by averaging the final 2000 frames of simulated kymographs for three different dendrite lengths. 

Solid lines show best fit to Equation 3. (J) Total number of particles versus time for three dendrite lengths. Data points were 

reduced by averaging over 50 seconds. Scale bars, 10 μm. See also Figure S3.
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Figure 6: Dynein recruitment redirects axonal cargo into dendrites

(A) Hippocampal neuron expressing RFP, synaptophysin-GFP-FKBP and BICDN-FRB, visualized by imaging GFP. Red arrow 

marks the axon. 

(B) Synaptophysin distribution before and after recruitment of dynein by rapalog1 addition. 

(C) Average intensity time traces of dendritic regions at 14 (black) and 24 μm (red) from the soma. The delayed intensity 

increase at 24 μm indicates anterograde dynein-driven transport.

(D) Normalized intensity time traces of synaptophysin-GFP-FKBP in axons and dendrites before and after dynein recruit-

ment (at 0:00). N = 6 neurons. Error bars denote s.e.m.

 (E) Time trace of the polarity index (PI) of synapophysin, obtained from D. Error bars indicate s.e.m. Scale bars, 10 μm.
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initial segment to actively return mislocalized dendritic cargo to the soma [10]. Cargo with both 

kinesin and Myosin-V attached would thus be excluded from the axon and subsequently target 

dendrites. Both models imply kinesins as the key motors for transport into axons as well as den-

drites, requiring a passive (size-based) or active (myosin-based) exclusion mechanism at the axon 

initial segment to establish dendrite-selectivity. 

 Our results demonstrate that Kif5 and Kif17 predominantly target axons and not dendrites. 

Preventing kinesin-driven cargo from entering the axon would therefore not be sufficient to tar-

get them to dendrites. Furthermore, our observation that Kif17 has enough efficacy to drive per-

oxisomes into axons reveals that a purely size-based filter is insufficient to prevent axon entry of 

kinesin-driven cargo. Instead, our data support a model for dendritic transport in which dynein 

activity establishes the initial cargo sorting from the cell body to the dendrites and kinesin motors 

can contribute to cargo motility once the vesicle is inside dendrites (Figure 7A-D). A specific role for 

Kif17 in the distal targeting of glutamate receptors has been reported previously [36] and is further 

supported by our observation of Kif17-driven bidirectional runs inside (distal) dendrites. The Myo-

sin V-based axon blockage mentioned above likely functions as a safety mechanism to correct any 

axon entry that might result from kinesin motors already loaded onto dendrite-destined cargo.

Mixed microtubules govern dendritic transport

We have shown that in dendrites of hippocampal neurons, where microtubule orientations are 

mixed, dynein-driven cargo moves bidirectionally. These data indicate that dynein motor proteins 

do not selectively recognize a subset of uniformly oriented microtubules. In fact, our modeling 

revealed that bidirectional motility establishes an efficient way to maintain a stable density of parti-

cles with a limited number of vesicles. Unlike in axons, where most cargo needs to target termini far 

away from the cell body, much transport in dendrites eventually targets postsynaptic sites, located 

along the whole length of the dendrites. Our data and quantitative modeling demonstrate that 

dynein drives cargo from soma into the dendrites and subsequently maintains a constant density 

of available cargo by moving it back and forth in the dendrite. Consistently, bidirectional motility is 

a general characteristic of most dendritic vesicle transport [37-39]. Once cargo is wandering inside 

the dendrite, final targeting could be regulated more locally and achieved through selective reten-

tion by target sites and/or specific delivery by additional microtubule-dependent motors, such as 

Kif17 and Kif5 [36,40,41] or actin-dependent motors, such as Myosin-V for selective transport into 

dendritic spines [42]. 

 In summary, we propose a model for dendritic transport in which dynein establishes the initial 

cargo sorting from the cell body to the dendrites and kinesin motors can assist in cargo motility 

once the transport vesicle is inside dendrites (Figure 7A-D).

Dynein drives dendritic transport

ORDER_CWP_MARIJNKUIJPERS_THESIS.indd   147 22-04-14   22:53



148

EXPERIMEnTAL PRoCEDuRES

DNA constructs, immunohistochemistry, imaging and analysis of fixed neurons, live-cell data processing, simu-
lations, and analytical modeling are described in the Supplemental Experimental Procedures.

Cell cultures and transfection
COS-7 cells were cultured in DMEM/Ham’s F10 (50/50%) medium containing 10% FCS and 1% penicillin/strepto-
mycin. 2-3 days before transfection, cells were plated on 24 mm diameter coverslips. COS-7 cells were transfect-
ed with Fugene6 transfection reagent (Roche) according to the manufacturers protocol and grown for 16 hours. 
 Primary hippocampal cultures were prepared from embryonic day 18 (E18) rat brains [43,44]. Cells were 
plated on coverslips coated with poly-L-lysine (30 μg/ml) and laminin (2 μg/ml) at a density of 75,000/well. Hip-
pocampal cultures were grown in Neurobasal medium (NB) supplemented with B27, 0.5 mM glutamine, 12.5 μM 
glutamate and penicillin/streptomycin. Hippocampal neurons were transfected at DIV13 using Lipofectamine 
2000 (Invitrogen). DNA (3.6 μg /well) was mixed with 3 μl Lipofectamine 2000 in 400 μl NB, incubated for 30 
minutes and then added to the neurons in NB at 37°C in 5% CO2 for 45 minutes. Next, neurons were washed 
with NB and transferred to the original medium at 37°C in 5% CO2 for 2 days. 

Live-cell image acquisition
Time-lapse live cell imaging was performed on a Nikon Eclipse TE2000E (Nikon) equipped with an incubation 
chamber (Tokai Hit; INUG2-ZILCS-H2) mounted on a motorized stage (Prior). Coverslips (24 mm) were mounted 
in metal rings, immersed in 0.6 ml standard culture medium and maintained at 37ºC (and 5% CO2). COS-7 cells 
were imaged in Ringer’s solution (10 mM Hepes, 155 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, 2 mM NaH2PO4, 10 mM 
glucose, pH 7.2) without CO2 present. For most acquisitions 4-6 cells were selected and imaged every 10-15 
seconds for 30-60 minutes using a 40x objective (Plan Fluor, NA=1.3, Nikon) and a Coolsnap HQ camera (Pho-
tometrics). A mercury lamp (Osram) was used for excitation. To rapidly image microtubules and peroxisomes 
side-by-side (Figure 2F-N), two-color laser TIRFM using a 100x objective (Apo TIRF, NA=1.49, Nikon) was per-
formed as described previously [45]. Data shown in Figure 2F-N as well as Figure 5E were acquired on a EMCDD 
(QuantEM, Roper Scientific) with the 100x objective, plus additional 2.5x magnification. All other data shown 
were acquired on the Coolsnap HQ with the 40x objective. 
 Rapalog1 (AP21967) and rapalog2 (AP20187, both Ariad Pharmaceuticals) were dissolved to 1 mM in Etha-
nol. To induce motility during image acquisition, 0.2 ml of culture medium (neurons) or Ringer’s solution (COS-
7 cells) with rapalog1 (4 μM) was added to establish a final rapalog1 concentration of 1 μM. In experiments 
using rapalog2 and rapalog1, 0.2 ml of 4 μM rapalog2 was first added, followed by 0.2 ml of 5 μM rapalog1. In 

Figure 7: Model for polarized transport in 

hippocampal neurons. 

(A) Proposed roles for microtubule-based 

motor proteins in polarized transport. In 

axons, kinesin and dynein drive antero-

grade and retrograde transport, respective-

ly (B). In proximal dendrites, dynein drives 

transport from soma to dendrites through 

bidirectional runs on mixed microtubules 

(C). Kif17 moves cargo towards more distal 

dendritic regions, where most plus ends 

point outwards (D). 
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neurons expressing PEX-RFP-FKBP to high levels, motile PEX positive vesicles were occasionally found in the 
axon. Therefore, neurons without axonal RFP labeling were selected. To optimally address axonal or dendritic 
specific targeting, neurons with peroxisomes predominantly located to their cell body were selected. To probe 
Kif5 motility after paclitaxel treatment, paclitaxel was added to 200 nM to the culture dish 5 hours before the 
experiment.

SUPPLEMENTAL INFORMATION
Supplemental Information includes three figures, 11 movies, and Supplemental Experimental Procedures and 
can be found online at http://www.cell.com/current-biology/supplemental/
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ABSTRACT

In neurons, the distinct molecular composition of axons and dendrites is established through polar-

ized targeting mechanisms, but it is currently unclear how non-polarized cargoes, such as mito-

chondria, become uniformly distributed over these specialized neuronal compartments. Here we 

show that TRAK family adaptor proteins, TRAK1 and TRAK2, which link mitochondria to microtu-

bule-based motors, are required for axonal and dendritic mitochondrial mobility and utilize dif-

ferent transport machineries to steer mitochondria into axons and dendrites. TRAK1 binds to both 

kinesin-1 and dynein/dynactin, is prominently localized in axons and needed for normal axon out-

growth, whereas TRAK2 predominantly interacts with dynein/dynactin, is more abundantly present 

in dendrites and required for dendritic development. These functional differences follow from their 

distinct conformations: TRAK2 preferentially adopts a head-to-tail interaction, which interferes with 

the kinesin-1 binding and axonal transport. Our study demonstrates how the molecular interplay 

between bidirectional adaptor proteins and distinct microtubule-based motors drives polarized 

mitochondrial transpor
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TRAK motor-adaptor proteins

InTRoDuCTIon

Transport of mitochondria to meet local energy demands is critical in highly differentiated and 

polarized cells such as neurons. In the axon mitochondrial ATP production supports the generation 

of action potentials and trafficking of synaptic vesicles, and in dendrites it is needed for synaptic 

transmission. Mitochondria are concentrated in the cell body, which is often far away from the ener-

gy demanding synapses. Thus, proper targeting of mitochondria from the cell body into dendrites 

and the axon is essential for the support of synapses and maintenance of axon and dendrites. Con-

sistently, defective mitochondrial trafficking and function is increasingly implicated in neurological 

diseases [1,2]. 

 Several studies have shown that cytoskeletal motor proteins are responsible for transport of 

mitochondria in neurons [3-5]. In both axons and dendrites, the majority of these movements are 

microtubule-based and characterized by alternating outward (or anterograde) and inward (or retro-

grade) transport, interspersed with periods of stationary docking [6,7]. Such bidirectional transport 

suggests that mitochondria interact with both families of microtubule-based motors, kinesins and 

dynein, which drive transport towards the microtubule plus-end and minus-end, respectively [8,9]. 

The regulatory mechanism of opposing motor activities is unknown, but is of obvious importance 

to deliver mitochondria to the desired spatiotemporal locations [5]. These opposing motors are also 

involved in polarized transport and sorting of specific cargo between axons and dendrites [10,11]. 

In several model systems, it has been demonstrated that kinesin motors specifically target the axon 

and drive synaptic vesicle transport, whereas the dynein/dynactin motor complex sorts postsyn-

aptic receptors and Golgi outposts to dendrites [12,13]. While two different transport mechanisms 

exist to control polarized transport in neurons, it is unclear which machinery is used to uniformly 

distribute non-polarized neuronal cargos, such as mitochondria.

 Genetic screens in Drosophila for synaptic insufficiency have identified Mitochondrial Rho 

GTPase (Miro) [14] and TRAK/Milton [15] as being necessary for mitochondrial transport to synapses. 

Miro and TRAK are part of a conserved protein complex that is essential for mitochondrial distribu-

tion in neurons and many other cell types [3,16,17]. The trafficking kinesin-binding proteins (TRAKs) 

act as the motor-adaptor molecules that connect microtubules via kinesin-1/KIF5 to the mito-

chondria-anchored protein Miro. Recent studies showed that the Miro protein serves as a calcium 

sensor that regulates kinesin-mediated mitochondrial motility [18,19]. Whereas Drosophila carries 

one TRAK/Milton gene, mammals have two different TRAK/Milton orthologues, named TRAK1 and 

TRAK2 (i.e., Milton-1/OIP106 and Milton-2/GRIF-1, respectively) [20]. All TRAK/Milton family proteins 

consist of an N-terminal coiled-coil region with homology to the Huntingtin-associated protein 1 

(HAP1) domain, found in several kinesin and dynein interacting proteins and the C-terminal domain 

of TRAK/Milton interacts with Miro [15,21]. The high degree of similarity between the mammalian 

TRAK family members of proteins suggests that they may have redundant functions; however, this 

has not previously been investigated.

 Here we use a large variety of immunohistochemical, biochemical, cell biological, live cell 

imaging and quantitative microscopy approaches to demonstrate that TRAK1 and TRAK2 differen-
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tially regulate polarized sorting of mitochondria. Our data show that TRAK1 binds to both kinesin-1/

KIF5B and dynein/dynactin and steers mitochondria into axons, whereas TRAK2 predominantly 

interacts with dynein/dynactin and mediates dendritic targeting. Depletion of TRAK1 reduces axon 

outgrowth and branching, whereas TRAK2 knockdown displays similar defects in dendrites. The 

difference between the two TRAK proteins arises from TRAK2’s preference for a folded conforma-

tion, which is inhibitory for the binding to KIF5B and, hence, for axonal transport. We propose a 

model in which kinesin-1 drives mitochondria transport into axons and requires dynein for its activ-

ity (controlled by TRAK1) and dynein steers mitochondria trafficking into dendrites independently 

of kinesin-1 (controlled by TRAK2). Our findings advance the knowledge of fundamental transport 

processes essential for the maintenance of neuronal homeostasis and have important implications 

for our understanding of neuronal degeneration.
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RESuLTS 

Polarized sorting of mitochondria is regulated by kinesin-1 and dynein motor proteins

Mitochondria hold different types of motor proteins and their opposing activity most likely leads 

to bidirectional transport in both axons and dendrites. Recent data demonstrated that opposing 

motors are not only required to drive bidirectional motion but also play an important role in con-

trolling polarized cargo transport into axon and dendritic processes [10,11]. To test whether kine-

sin-1 and dynein motor activity are required for proper targeting of mitochondria to axons and 

dendrites, we used live cell video microscopy to visualize mitochondrial motility in hippocampal 

neurons (Movie S1) that were transfected with GFP-tagged dominant negative kinesin-1 construct 

(KIF5-tail) or the dominant negative dynactin construct (p150-cc1). Mitochondria transport param-

eters in both axons and dendrites were analyzed using kymographs and tracking software. Expres-

sion of GFP-KIF5-tail in hippocampal neurons results in a strong reduction of moving mitochondria 

in the axon while mobility in dendrites is normal compared to control (Figure 1A,C and Movie S2). In 

contrast expression of GFP-p150-cc1 decreased the number of moving mitochondria in both axons 

and dendrites (Figure 1A-D and Movie S2 and S3). In all cases, the reduced mobility is observed in 

both retrograde and anterograde directions in axons and dendrites (Figure Table S1). To specifically 

test whether these manipulations can disrupt axonal and dendritic targeting, we analyzed the num-

ber of mitochondria from the soma that enter these compartments. Axonal targeting is strongly 

reduced by blocking KIF5 or dynein/dynactin, while dendritic entry is only affected by inhibiting 

dynein/dynactin activity (Figure 1E,F). Analyzing the velocity and run length of the residual mito-

chondrial movements in GFP-KIF5-tail and GFP-p150-cc1 expressing neurons revealed no marked 

changes in these dynamic parameters (Figure S1 and Table S1). These results demonstrate that kine-

sin-1 and dynein strongly affect the frequency of mitochondria movement, but not the speed and 

run length. Moreover, kinesin-1 and dynein co-operate to control axonal movement, while dendritic 

mobility requires dynein but not kinesin-1. 

Figure 1. Kinesin-1 and dynein drive polarized mitochondria transport in neurons 

(A,B) Hippocampal neurons were cotransfected with mito-DsRed and GFP (control), GFP-KIF5tail or GFP-p150-cc1 (DIV 9+4) 

and live-cell imaging microscopy was used to visualize mitochondrial motility in hippocampal neurons. Kymographs show-

ing the motility of mito-DsRed labeled mitochondria in axons (A) and dendrites (B). Region of the kymographs in the rep-

resentative axon or dendrite are indicated above. (C-F) Quantification of mitochondrial transport in axons and dendrites 

include percentage of the number of moving mitochondria (C, D) and number of mitochondria moving from the soma (E, 

F). Error bars indicate SEM (**p<0.01 and *** p< 0.001). (G) Polarity index of cytochrome c (cyto c) intensity in GFP (con-

trol), GFP-KIF5-tail and GFP-p150-cc1 transfected neurons (DIV 12+2) as indicated. Error bars indicate SEM. * p<0.05. (H) 

Inducible mitochondria trafficking assay. Fusions of FRB with the truncated motor construct of kinesin-1 (KIF5-MDC-FRB) 

and dynein adaptor Bicaudal D2 (BICDN-FRB) are recruited to FKBP-GFP-mito upon addition of rapamycin analog AP21967 

(rapalog). (I,K) Representative images of hippocampal neurons at DIV15 coexpressing FKBP-GFP-mito and KIF5-MDC-FRB (I) 

and BICDN-FRB (K) before and after addition of rapalog. Black arrowheads indicate mitochondria in axons and dendrites. 

The differential translocation of mitochondria (pseudocolor red) before and after rapalog treatment is indicated (yellow 

arrowheads). Scale bars represent 20 μm. (J,L) Kymograph of mitochondria movement in axons (J) and dendrites (L) from 

recordings shown in (I,K). Green arrow indicates the addition of rapalog.
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 Next we tested the effect of these manipulations on mitochondria distributions in hippocam-

pal neurons. The distribution of endogenous mitochondria, as revealed by mitochondria marker 

cytochrome c, in GFP-KIF5-tail and GFP-p150-cc1 expressing neurons was dramatically different 

from controls. Blocking kinesin-1 redistributed mitochondria away from the axon into the dendrites, 

while inhibition of dynein led to a few more mitochondria in axons. To quantify the mitochondria 

dendrite-to-axon ratio we measured the average dendrite intensity (Id) and average axonal intensi-

ty (Ia) and calculated the polarity index (PI) by using PI=(Id-Ia)/(Id+Ia) [12]. For uniformly distributed 

proteins Id=Ia and PI=0 whereas PI>0 or PI<0 indicates polarization towards dendrites and axons 

respectively. Analysis of cytochrome c in control neurons for the mitochondria distribution yielded 

a polarity index of 0.22 ± 0.09 (Figure 1G) demonstrating that there are slightly more mitochondria 

present in dendrites compared to the axon. Blocking kinesin-1 reveals a positive PI of 0.62 ± 0.09 

(more abundant in dendrites), while inhibition of dynein shows a PI of -0.05 ± 0.14 (more in the axon) 

(Figure 1G), indicating that kinesin-1 and dynein are necessary for the proper polarized distribution 

of mitochondria in axons and dendrites.

Kinesin-1 and dynein establish axon and dendrite-specific targeting 

To directly address whether recruitment of kinesin-1 and dynein motor activity to mitochondria is 

sufficient to establish axon and dendrite-specific targeting, we made use of an inducible mitochon-

dria trafficking assay [22,23]. In this assay, FRB-FKBP heterodimerization is used in combination with 

the cell-permeable rapamycin analog AP21967 (from now on called rapalog) to trigger the binding 

of the motor proteins of interest to mitochondria. Mitochondria were labeled by expressing FKBP-

GFP-mito, a fusion construct of the Listeria ActA mitochondria-targeting sequence (mito) to green 

fluorescent protein (GFP), and FKBP12, a domain that can be cross-linked to FRB in the presence 

of rapalog [22] (Figure 1H). FRB is fused to truncated kinesin-1, which contains the motor domain 

and coiled-coil dimerization region (KIF5-MDC-FRB) and the N-terminal part of the dynein/dynac-

Figure 2. TRAK proteins are differentially distributed in the central nervous system

(A) Specificity of anti-TRAK antibodies. Lysates from HEK293 cells transfected with YFP-TRAK1 and YFP-TRAK2 analyzed by 

Western blotting with anti-GFP, anti-TRAK1 or anti-TRAK2 antibodies. YFP refers to the YFP-TRAK-CFP constructs, which runs 

at ~150 kDa on immunoblots and allows better separation with endogenous TRAK proteins (~100kDa). (B) Protein extracts 

of HeLa cells transfected with GFP-TRAK1, GFP-TRAK2 and two negative control constructs (GFP-BICD2 and GFP-KIF17) were 

analyzed by Western blotting with anti-GFP, anti-TRAK1 or anti-TRAK2 antibodies. (C) Representative images of hippocam-

pal neurons at DIV14 stained for endogenous TRAK1 or TRAK2 (green) and mitochondria marker cytochrome C (red). Scale 

bar is 10 μm. (D) Quantification of TRAK1 and TRAK2 fluorescent staining intensities in cell body of hippocampal neurons 

transfected at DIV12 for 4 days with GFP and TRAK-shRNAs. The staining is normalized to the non-transfected surrounding 

cells in the same image. (E-H) Triple labeling of TRAK1 (red), Cytochrome C (green) and Dapi (blue) in CA3 of hippocampus 

of adult mouse (E) and motor neurons of the mouse spinal cord (F-H). TRAK1 antibody is blocked with its own antigen in 

(G). Scale bars, 100 μm. (I) Western blots of TRAK and KIF5B expression in extracts from cortex (grey matter) and spinal cord 

(white matter) of rat. (J) Developmental expression patterns of TRAK1 and TRAK2 in E10.5 (whole embryo), E13, E16, E18 and 

P1, P5 (head only) and P10, P15, adult (forebrain or cerebellum) mouse. (K) Western blot analysis of TRAK1 and TRAK2 in 

various adult mouse tissues, including brain regions and organs.
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tin accessory protein Bicaudal-D (BICDN-FRB) [22,23] (Figure 1H). Addition of rapalog to neurons 

coexpressing KIF5-MDC-FRB and FKBP-GFP-mito induced a rapid burst of mitochondria from the 

cell body into the axon (Figure 1I, Movie S4). Acquisition of zoomed regions at increased frame rates 

(5 frames/s) revealed that the majority of mitochondria in axons after rapalog addition moved in 

anterograde direction (from proximal to distal, Figure 1J, Figure S2A,C). No mitochondria move-

ment was observed in dendrites after KIF5-MDC-FRB recruitment (Figure S2A,C). In contrast, addi-

tion of rapalog to neurons expressing BICDN-FRB caused mitochondria to move away from the cell 

body into the primary dendrites (Figure 1K, Movie S5). We observed that mitochondria coupled to 

dynein target the dendrites with bidirectional runs (Figure 1L, Figure S2B,D), which is consistent 

with dynein-coupled cargos moving into dendrites along anti-parallel microtubules [23]. Addition 

of rapalog to these neurons also drives retrograde transport of mitochondria already present in 

axons (Figure S2B,D). Altogether these data demonstrate that the opposing kinesin-1 and dynein 

motor proteins are both necessary and sufficient for the proper distribution of mitochondria to 

respectively axons and dendrites. 

Differential distribution of TRAK proteins in the central nervous system

We hypothesized that regulatory motor-adaptor proteins might exist that steer mitochondria trans-

port into axons and dendrites. We focused on the TRAK family because these adaptor proteins 

were previously found to associate with kinesin-1 and regulate mitochondrial transport in neurons 

[18,19]. To study the roles of mammalian TRAK family members in neuronal mitochondrial trafficking 

we first generated rabbit polyclonal antibodies to TRAK1 and TRAK2 proteins. Both newly gener-

ated antibodies reacted strongly and specifically with the appropriate TRAK protein on Western 

blot and did not recognize the other TRAK orthologue or control proteins (Figure 2A,B). Antibody 

specificity was also demonstrated by immunofluorescence stainings in GFP-TRAK1/2 transfected 

HeLa cells (data not shown). The TRAK1 and TRAK2 antibodies showed more than ~80% reduction 

of punctuate staining intensity in respectively TRAK1 or TRAK2-shRNA expressing primary hippo-

campal neurons at 14 days in vitro (DIV14) (Figure 2C,D, Figure S3). Moreover, the punctate staining 

in various neuronal cell types in the central nervous system, including pyramidal neurons in the 

hippocampus (Figure 2E) was blocked by pre-incubating the antibodies with the corresponding 

TRAK antigens (Figure 2G and data not shown). The ability of both TRAK proteins to associate with 

mitochondria was confirmed by the colocalization of endogenous TRAK proteins and cytochrome c 

(Figure 2C) in mouse brain and spinal cord sections (Figure 2E-H). We found ~80% (TRAK1) and ~70% 

(TRAK2) overlap with the mitochondrial marker cytochrome c.

 In agreement with in situ hybridization data from the Allen Mouse Brain Atlas and the immu-

nohistochemical experiments (Figure 2E-H), Western blot analysis of various adult mouse tissues 

showed that both TRAK1 and TRAK2 are expressed throughout the developing and adult brain (Fig-

ure 2J). TRAK2 is predominantly expressed in cerebellum, cortex and midbrain, whereas TRAK1 is 

also detected in several other organs outside the brain, including heart, liver, lung and spleen (Fig-

ure 2K). Within the regions of the murine nervous system examined, TRAK1 and TRAK2 expression 

varied mostly in the spinal cord (Figure 2K). In this axon-rich tissue, TRAK1 protein is readily detected 
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whereas TRAK2 protein is barely present, an observation confirmed by comparing the expression of 

the two TRAK proteins in cerebral grey and cervical spinal white matter (Figure 2I). The low expres-

sion of TRAK2 in the spinal cord is unexpected for a protein predicted to be involved in axonal trans-

port. In fact, the axonal transport motor KIF5B is present at higher levels in the white matter in spinal 

cord compared to the cortex (Figure 2I). Together these data show that both TRAK1 and TRAK2 asso-

ciate with mitochondria but have a differential distribution in the central nervous system.

  

Polarized distribution of TRAK proteins in hippocampal neurons

We next tested whether TRAK1 and TRAK2 proteins are differentially distributed in cultured hippo-

campal neurons. Although both TRAK1 and TRAK2 antibodies label the neuronal cell body, axon 

and dendrites (Figure 2C), the localization patterns in axons and dendrites are markedly different 

from each other. Double labeling immunofluorescence experiments for each TRAK protein and the 

axonal marker Tau or the dendritic marker MAP2 revealed a more prominent localization of TRAK1 

in axons and TRAK2 in dendrites (Figure 3A). To further quantify the differential TRAK1 and TRAK2 

distribution in neurons we measured the average intensity in axon and dendrites (Figure 3C) and 

calculated the polarity index (PI). Quantification of the intensity of TRAK1 antibody staining reveals a 

negative PI of -0.32 ± 0.11 (more abundant in axons) while TRAK2 has a positive PI of 0.68 ± 0.11 (more 

abundant in dendrites) (Figure 3D), indicating a polarized distribution of endogenous TRAK pro-

teins in hippocampal neurons. The opposing distribution of the two TRAK proteins was even more 

apparent by expression of fluorescently tagged TRAK1 and TRAK2: GFP-TRAK1 mainly targeted the 

axons, while GFP-TRAK2 was almost exclusively present in dendrites (Figure 3B,E). Interestingly, GFP-

TRAK2 is mainly localized to primary dendrites but is less prominent in higher order branches. Next 

we investigated whether the expression of TRAK proteins can influence the normal mitochondrial 

distribution in neurons. Neurons transfected with GFP-TRAK1 or GFP-TRAK2 dramatically shifted 

the mitochondrial localization to axons or dendrites, respectively (Figure 3F). The opposing effects 

on mitochondria localization were also observed in cultured HeLa cells: expression of GFP-TRAK1 

induced formation of peripheral mitochondrial clusters, while GFP-TRAK2 caused strong accumula-

tion of mitochondria in the cell center (Figure S4). Together these data show that TRAK1 and TRAK2 

have differential effects on mitochondria distribution; TRAK1 is prominently localized in axons, 

while TRAK2 is more abundantly present in dendrites.

TRAK proteins control mitochondrial mobility in axons and dendrites 

Recent data suggest that TRAK1 is required for mitochondrial transport within axons of hippocam-

pal neurons [24]. To further explore the function of TRAK proteins in mitochondrial mobility, we 

used live cell video microscopy and observed that knockdown of TRAK1/2 disrupts mitochondrial 

motility in both axons and dendrites (Figure 4A-D and Movie S6 and S7). In the absence of both 

TRAK proteins, mitochondrial mobility was reduced by ~65% in axons and by ~45% in dendrites 

(Figure 4C,D). Interestingly, expression of TRAK1-shRNA in neurons results in a strong reduction 

of moving mitochondria in axons compared to control cells (Figure 4C). In contrast, expression of 

TRAK2-shRNA does not affect motility in axons but decreases the number of moving mitochondria 

TRAK motor-adaptor proteins
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in dendrites (Figure 4C,D). In all cases, the reduced mobility is observed in both retrograde and 

anterograde directions in axons and dendrites (Table S1). Further characterization of the residual 

mitochondria dynamics in TRAK knockdown neurons showed no marked changes in velocity and 

run length (Figure S1 and Table S1), similar to kinesin-1 and dynein/dynactin inhibition. Together, 

these results indicate that TRAK proteins are important for mitochondrial transport in axons and 

dendrites: TRAK1 is required for proper axonal trafficking of mitochondria, whereas TRAK2 is need-

ed for dendritic mitochondria mobility. 

 

TRAK proteins are required for normal morphology of axons and dendrites 

Given previous observations that dysfunction and defective transport of mitochondria alters neu-

ronal morphology [1], we examined the effect of TRAK1/2 knockdown on the outgrowth of axons 

and dendrites. In developing neurons co-expressing TRAK1- and TRAK2 shRNAs and β-galactosi-

dase (β-gal; to highlight neuronal morphology), we observed a marked change in morphology of 

both axons and dendrites (Figure 4E). Quantification revealed that the length of axons and den-

drites was decreased by ~50% in TRAK1/2 double knockdown cells compared to control neurons 

(Figure 4F-K). A similar morphological phenotype was observed after expressing dominant nega-

tive forms of TRAK1 and TRAK2 (Figure S5), which contains only the C-terminal Miro binding domain 

and inhibits the binding of endogenous TRAK1/2 to mitochondria. We next analyzed single TRAK1 

and TRAK2 depletions and observed that axon morphology of neurons expressing TRAK1-shRNA 

was severely affected, while neurons expressing TRAK2-shRNA showed a marked decrease in den-

dritic outgrowth (Figure 4E). Quantification indicated that knockdown of TRAK1 decreases axon 

length, the number of axonal tips and the number of axonal branches by ~50%, compared to con-

trol neurons (Figure 4F-H). In contrast, knockdown of TRAK2 decreased total dendritic length and 

number of primary dendrites by ~50%, while the cell soma size was not significantly changed (Fig-

ure 4I-K). The second set of independent TRAK1 and TRAK2 shRNA gave similar phenotypes (data 

not shown). Together these results indicate that TRAK proteins are required for normal neuronal 

morphology: TRAK1 plays an essential role in axonal outgrowth, while TRAK2 is critically important 

for dendrite morphology.

Figure 3. Polarized distribution of TRAK proteins in hippocampal neurons

(A) Representative images of hippocampal neurons (DIV 14) stained for endogenous TRAK1 and TRAK2 (green) and 

co-stained with Tau and MAP2 (red) to highlight axon and dendrites. Yellow arrowheads indicate axons and blue arrowhead 

indicate dendrites. Scale bar, 20 μm. (B) Representative images of hippocampal neurons (DIV 12+2) co-transfected with GFP-

TRAK1 or GFP-TRAK2 and β-galactosidase to visualize neuronal morphology. Yellow arrowheads indicate axons and blue 

arrowhead indicate dendrites. Scale bar, 20 μm. (C) Quantification of endogenous TRAK1 and TRAK2 intensity in axons and 

dendrites of hippocampal neurons at DIV 14. Normalized intensity is the highest fluorescent intensity in axons or dendrites 

and set at 100. (D) Polarity index of endogenous cytochrome c (as control), TRAK1 and TRAK2 in hippocampal neurons at DIV 

14. (E) Polarity index of exogenous mitochondria marker mito-DsRed, GFP-TRAK1 and GFP-TRAK2 in hippocampal neurons 

at DIV 12+2. (F) Polarity index of endogenous cytochrome c intensity in GFP (as control), GFP-TRAK1 and GFP-TRAK2 trans-

fected neurons (DIV12+2). Error bars indicate SEM. * p<0.05, ** p<0.01 and *** p< 0.001.
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Differential interaction of TRAK1 and TRAK2 with kinesin-1 and dynein

To better understand the differential role of TRAK proteins in mitochondria transport, we next 

searched for distinct TRAK1 and TRAK2 binding partners. Biotinylated and GFP-tagged TRAK1 and 

TRAK2 (bio-GFP-TRAK1 and bio-GFP-TRAK2) and bio-GFP as a control constructs were transiently 

coexpressed in HEK293 cells together with the protein-biotin ligase BirA, isolated with streptavidin 

beads, incubated with rat brain extracts and isolated proteins were analyzed by mass-spectrometry. 

Both bio-GFP-TRAK1 and bio-GFP-TRAK2 bound to the previously identified TRAK partners, includ-

ing atypical GTPase Miro (Miro 1 or Miro2) [21] and O-linked N-acetylglucosamine (O-GlcNAc) trans-

ferase (OGT) [25](Figure 5A and Table S2). In addition, novel potential TRAK binding partners were 

identified, such as several components of dynein and dynactin complexes, including dynein heavy 

chain 1 (DHC1), dynein light chain 1 (DLC1), p150Glued and p50/dynamitin (Figure 5A). These mass 

spectrometry results were confirmed by Western blotting (Figure 5B) and immunoprecipitation 

experiments with GFP-p150Glued (Figure 5C), indicating that both TRAK1 and TRAK2 bind to the 

dynein/dynactin motor complex. To get further insights on the structural features determining the 

dynein/dynactin binding to TRAK, we explored whether TRAK can interact with one distinct subunit 

in the dynein/dynactin complex. TRAK1 or TRAK2 was coexpressed with cytoplasmic dynein and 

dynactin subunits, and interactions were assessed by pull down assays. Both TRAK proteins were 

precipitated with the p150Glued subunit of dynactin (Figure 5F), while the N-terminal tail domain 

of DHC or the DIC and DLIC subunits of the dynein complex were negative in this assay. Expression 

of GFP-TRAK1 or GFP-TRAK2 revealed colocalization with dynein/dynactin in HeLa cells, especially 

in the pericentral region (Figure 5G and data not shown) and in the cell body of hippocampal neu-

rons (data not shown). These results indicate that both TRAK proteins interact with the p150Glued 

subunit of the dynactin complex. 

 Next, we screened the mass spectrometry data for proteins that showed specific affinity for 

either TRAK1 or TRAK2 and found that KIF5B was highly enriched in the TRAK1 biotin-pull down 

compared to the TRAK2 pull down (26 versus 2 unique KIF5B peptides) (Figure 5A and Table S2). 

Additional biotin-pull down and mass-spectrometry experiments from other cell lines also detect-

ed a strong enrichment of KIF5B peptides in the TRAK1 sample (Figure 5B and data not shown). 

Indeed, endogenous KIF5B showed higher binding to TRAK1 in co-immunoprecipitation experi-

Figure 4. TRAK proteins are required for mitochondrial mobility and axon and dendrite morphology

(A-B) Kymographs showing the motility of mitochondria, labeled with mito-DsRed in axons (A) and dendrites (B).  

Hippocampal neurons were cotransfected with mito-DsRed and indicated shRNA constructs. Region of the kymo- 

graphs in the representative axon or dendrite are indicated. (C-D) Percentage of the number of moving mitochondria 

in axons (C) and dendrites (D) of control and shRNA transfected neurons as indicated and calculated from different  

imaging recordings. (E) Representative images of hippocampal neurons co-transfected at DIV1+4 with indicated  

shRNA constructs and GFP to visualize the neuron morphology. Yellow arrowheads indicate axons and blue  

arrowheads highlight some typical dendrites. Scale bar, 20 μm. (F-K) Quantification of axon and dendrite morpho- 

logical parameters of hippocampal neurons, including axonal length (F), number of axonal tips (G), number of axonal 

branches (H), total dendrite length (I), number of primary dendrites (J) and diameter of cell body (K). 

Error bars indicate SEM. * p<0.05, ** p<0.01 and *** p< 0.001
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ments compared to TRAK2, while Miro associated with both TRAK proteins (Figure 5D). When KIF5B 

was overexpressed, it bound equally well to TRAK1 and TRAK2 (Figure 5E,F), suggesting that TRAK2 

does not associate with endogenous kinesin-1 motors but overexpression can induce the interac-

tion between TRAK2 and KIF5B. Consistent with previous data [21], we did not find kinesin light 

chain (KLC), a major binding partner of kinesin-1 in the TRAK1 pull down (Figure 5A,B), indicating 

that the association between TRAK1 and KIF5 does not require KLC. Together, these data show that 

TRAK adaptors associate with a distinct composition of motor complexes; both TRAKs bind to the 

dynactin subunit p150Glued and only TRAK1 shows a strong interaction with kinesin-1.

Mapping the binding region between TRAK1, KIF5B and p150Glued.

To get further insights in the kinesin-1 and dynein/dynactin binding to TRAK proteins, we mapped 

the regions of TRAK1 responsible KIF5B and p150Glued binding. The NH2-terminus of TRAK1 (amino 

acids 1-395, TRAK1-N) contains two predicted coiled-coil domains (Figure S6A,B), with the first one 

covering amino acids 100-200 and the second one from 201-360. Based on these N-terminal coiled 

coil regions, we produced a series of TRAK1 deletion mutant constructs (Figure S6C). Full-length 

GFP-KIF5B or full-length GFP-p150Glued was co-expressed with different TRAK1 deletion fragments 

fused to bio-mCherry in HEK293 cells and immunoprecipitated using GFP-trap magnetic beads. 

As expected [21], GFP-KIF5B was co-immunoprecipitated with TRAK1-N and not TRAK1-C (Figure 

S6C,D). Truncating TRAK1-N showed that TRAK1_1-360 and TRAK1_101-360 were still efficiently 

binding to KIF5B and the shortest binding region could be reduced down to the second-coiled coil 

region, amino acids 201-360 (Figure S6C,D). Further shortening of this region completely abolished 

binding of KIF5B (data not shown). The p150Glued interaction required the complete N-terminal 

domain (amino acids 1-360) of TRAK1 (Figure S6C,E). Interestingly, GFP-p150Glued was also found 

to bind to the C-terminal domain of TRAK1 (TRAK1-C). These data demonstrate that TRAK proteins 

contain one N-terminal KIF5B binding region and two dynein/dynactin binding sites, one at the 

N-terminal and one at the C-terminal domain.

The TRAK N-terminal domain mediates both KIF5B and dynein-dependent motility

To more directly study the functional interaction between TRAK proteins and kinesin-1 and dynein/

dynactin motors we again turned to the inducible cargo trafficking assay but now used peroxisomes 

as a tool to report the cargo transport activity of TRAK proteins [23]. Peroxisomes were labeled by 

expressing PEX-RFP-FKBP, a fusion construct of PEX3 peroxisomal membrane-targeting signal to the 

red fluorescent protein (RFP), and FKBP12 (Figure 6A). Since the N-terminal domain of TRAK binds 

to both kinesin-1 and dynein/dynactin (Figure 5), we generated constructs where FRB was fused 

to TRAK1-N and TRAK2-N (TRAK1-N-FRB and TRAK2-N-FRB) to determine whether the N-terminal 

TRAK fragments can induce microtubule plus-end and/or minus-end directed movements. In COS7 

cells transfected with PEX-RFP-FKBP and any of the two TRAK-N-FRB constructs most peroxisomes 

were randomly distributed, while treating these cells with rapalog revealed a robust clustering in 

the cell periphery. Quantification of the peroxisomal distribution indicated that ~40% of the TRAK1-

N-FRB and TRAK2-N-FRB cells showed peripheral peroxisome clusters, compared to non in control 
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cells (Figure 6I,J). Next, we performed live cell imaging experiments and confirmed the directional 

translocation of peroxisomes to the cell periphery, similar to KIF5-driven peroxisome motility but 

also observed a redistribution of some peroxisomes to more central regions of the cell, similar to 

dynein-driven peroxisome movement (Figure 6B and Movie S8). The average speed and displace-

ment of the TRAK-N coupled peroxisomes is markedly lower when compared to KIF5-MDC-FRB 

(Figure 6C-E). Interestingly, fast acquisition (1 frame/s) to probe motility of individual peroxisomes 

revealed that these cargos could move bidirectionally when attached to TRAK1-N-FRB or TRAK2-

N-FRB (Figure 6F-H). Given that in cells with a radial microtubule array such as COS7, bidirectional 

movement is only observed when peroxisomes are coupled to both kinesin and dynein motors [23], 

the data suggest that the N-terminal domain of TRAK mediates both kinesin-1 and dynein/dynac-

tin-dependent motility. 

 To further test this, we explored the effect of KIF5B knockdown and inhibition of dynein/dyn-

actin by HA-p50/dynamitin on TRAK-N mediated peroxisomal transport. While in ~40% control cells 

expressing TRAK1-N-FRB or TRAK2-N-FRB peripheral peroxisome clusters were present after rapa-

log treatment, the peroxisomes shifted to the perinuclear region in ~90% of KIF5B-depleted cells 

(Figure 6J). A similar distribution was seen when peroxisomes were linked to the DHC-MDC-FRB 

(Figure 6B), suggesting that, in the absence of KIF5B, the minus-end directed dynein motor complex 

actively transports TRAK-N-coupled peroxisomes. Indeed, the tight accumulation of peroxisomes 

around the centrosome was disrupted by overexpression of HA-p50/dynamitin and resulted in a 

random distribution of peroxisomes in both TRAK1-N-FRB and TRAK2-N-FRB expressing cells (Fig-

ure 6J). Co-expression of myc-KIF5B redistributed the TRAK-N constructs to the cell periphery in 

~70% of the cell (Figure 6J). These data demonstrate that the N-terminal domain in both TRAK1 

and TRAK2 proteins is sufficient to induce microtubule plus-end and minus-end directed transport. 

Interestingly, no significant differences were observed between TRAK1-N and TRAK2-N in these traf-

ficking experiments, suggesting that additional mechanisms play a role in regulating the interac-

tion between full length TRAKs and kinesin-1.

TRAK2 folds back through a head-to-tail interaction 

To explain the distinct behaviors of TRAK1 and TRAK2, we further investigated the mechanism 

underlying the differential binding of TRAK1 and TRAK2 to kinesin-1. Some motor and adaptor pro-

teins exist in a folded conformation, which allows the N-terminal and C-terminal regions to make 

direct contact and control their activity [9]. We explored whether such an intramolecular interaction 

occurs in TRAK proteins and could modulate the interaction with kinesin-1. We first tested wheth-

er the head and tail domains of TRAK can interact by co-expressed GFP-TRAK-N and myc-TRAK-C 

constructs in HEK293T cells and found the two fragments co-immunoprecipitated with each other, 

in the case of both TRAK1 and TRAK2 (Figure 7A). More detailed mapping of the binding regions 

showed that the TRAK1-C interaction required the complete N-terminal domain (amino acids 1-360) 

of TRAK1 (Figure S6C,F), while further shortening of this region completely abolished binding of 

TRAK1-C (data not shown).
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 Next, we reasoned that attaching fluorophores to the NH2 and COOH termini of TRAK pro-

teins (CFP donor and YFP acceptor) would allow us to detect fluorescence resonance energy transfer 

(FRET) if TRAK proteins indeed fold back and the NH2 and COOH termini come in close proximity. We 

generated TRAK1 and TRAK2 fusion constructs with YFP at the NH2 terminus and CFP at the COOH 

terminus (YFP-TRAK1-CFP and YFP-TRAK2-CFP) and used three different methods to determine the 

N- and C-terminal interacts, including FRET measurements in extracts, fluorescence lifetime imaging 

microscopy (FLIM) and acceptor photobleaching in single cells. First, HEK293T cells were transfect-

ed with plasmids, expressing CFP and YFP (negative control), CFP-YFP tandem fusion (positive con-

trol), YFP-TRAK1-CFP or YFP-TRAK2-CFP and the fluorescence spectra of the resulting cell extracts 

were measured [26]. Cell extracts containing both CFP and YFP displayed no significant emission of 

the YFP acceptor after the excitation of the CFP donor, while CFP-YFP displayed marked sensitized 

YFP fluorescence after CFP excitation due to FRET (Figure 7B, blue arrowhead). A marked YFP-sensi-

tized emission was displayed by the YFP-TRAK2-CFP and less by the YFP-TRAK1-CFP-containing cell 

extract (Figure 7B, red and green arrowheads). The occurrence of FRET in the extract containing the 

YFP-TRAK2-CFP fusion is indicated by the ~20% higher ratio of fluorescence at 527 nm (YFP emission) 

to fluorescence at 475 nm (CFP emission) upon excitation at 425 nm, as compared with CFP+YFP 

mixture (Figure 7B). In contrast, YFP-TRAK1-CFP showed a small, non-significant fluorescent increase 

at 527 nm in this assay (Figure 7B). The ratio of YFP to CFP fluorescence in the extract, containing 

YFP-TRAK2-CFP protein, did not change after it was diluted, suggesting that the binding between 

the TRAK2 head and tail was intramolecular and not intermolecular (data not shown). 

 Next we performed FRET measurements using fluorescence lifetime imaging microscopy 

(FLIM) in fixed (Figure 7D) and live COS7 cells (Figure 7C,E) expressing the constructs described 

above. FRET was detected by the decrease in CFP lifetime when YFP was in close proximity. As 

expected, cells expressing YFP-CFP tandem showed clear decrease in CFP lifetime compared to cells 

expressing CFP alone or with plasmid mixture of CFP+YFP. Next, we determined FRET signals in cells 

expressing YFP-TRAK1-CFP or YFP-TRAK2-CFP, and found that the TRAK2 construct showed a signifi-

cantly higher FRET efficiency (Figure 7D). Similar data are obtained in live cells (Figure 7C,E). These 

results were confirmed by acceptor photobleaching approaches, were bleaching of YFP in YFP-CFP 

Figure 5. TRAK proteins bind to dynein/dynactin and differentially to KIF5B 

(A) Binding partners of bio-GFP-TRAK in HEK293 cells loaded with brain extracts and identified by mass spectrometry.  

(B) Verification of interactions between TRAK1 or TRAK2 and their endogenous binding partners identified by mass spec-

trometry using biotin pull down assay and subsequent Western blot analysis. Equal volumes of total pull down are loaded 

in each lane. KLC was used as a negative control. (C-E) Immunoprecipitations using GFP antibodies from extracts of HEK293 

cells transfected with GFP-p150Glued and myc-TRAK1, myc-TRAK2 or myc-GRASP-1 (control) and probed for GFP or myc (C), 

GFP-TRAK1, GFP-TRAK2 or GFP (control) and probed for endogenous KIF5B, myc-Miro-1 and GFP (D), myc-KIF5B and indicat-

ed GFP-TRAK constructs and probed for myc or GFP (E). (F) Biotin pull downs from HEK293 extracts transfected with myc-

TRAK1 or myc-TRAK2 and indicated biotin-tagged dynein/dynactin constructs and probed for GFP/HA and myc. The ratio 

input/pellet is 2-5% for all pull down and immunoprecipitation experiments. (G) HeLa cells transfected with GFP-TRAK2 and 

stained with anti-p150Glued. Magnified area shows accumulation of p150Glued in the pericentrosomal region. 

Scale bar, 10 um.
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positive FRET pairs dequenches CFP fluorescence and result in increased CFP fluorescence. With this 

method, only YFP-TRAK2-CFP showed a significant increase in CFP fluorescence intensity (Figure 

7G). In all these experiments TRAK2 consistently displays a significant FRET signal, suggesting an 

intramolecular association between the N- to C-terminal domains of the molecule. We believe that 

TRAK2 forms a relatively stabile head-to-tail interaction, while folding of full length TRAK1 is more 

dynamic, short lived and transient, suggesting that some properties of TRAK1 preclude its efficient 

self-folding. 

Conformational changes in TRAK regulate KIF5 binding and mitochondrial sorting

While TRAK2 did not associate with endogenous KIF5B but overexpression of myc-KIF5B could 

force an interaction (Figure 5), we reasoned that the folded TRAK2 conformation might compete 

with endogenous kinesin-1 binding and that high concentrations of KIF5B might release the inhib-

itory state by unfolding TRAK2. Extracts prepared from cells co-transfected with myc-KIF5B and 

YFP-TRAK2-CFP, in the absence or presence of the TRAK binding partner Miro (myc-Miro), no longer 

displayed a significant FRET signal while YFP-sensitized emission was still detected in the extract of 

cells transfected with YFP-TRAK2-CFP alone, or YFP-TRAK2-CFP together with myc-Miro (Figure 7B 

and data not shown). Moreover, pull down experiments comparing TRAK1-N only and TRAK1-N/

TRAK1-C complexes indicate that a reduced amount of KIF5B is precipitated in the presence of 

TRAK1-C (Figure S6G), consistent with the idea that the intramolecular interaction in TRAK proteins 

and TRAK binding to KIF5B are mutually exclusive.

 If the “open” TRAK conformation correlates with KIF5B binding while the “closed” conforma-

tion inhibits it, forcing TRAK1 to fold back might make it more similar to TRAK2, and allow transloca-

tion from the axon to dendrites. To test this idea, we again used the rapamycin-mediated FRB-FKBP 

heterodimerization system but now fused the FRB and FKBP domains to the NH2 terminus and 

Figure 6. The TRAK N-terminal domain mediates bidirectional motility

(A) Inducible cargo trafficking assay. Fusions of FRB with truncated TRAK fragment (TRAK-N-FRB) are recruited to PEX-RFP-

FKBP upon addition of rapalog. (B) Peroxisome distribution before and after rapalog addition in the presence of TRAK1-

N-FRB, TRAK2-N-FRB, the truncated motor construct of kinesin-1 (KIF5-MDC-FRB) or dynein heavy chain (DHC-MDC-FRB). 

Yellow lines indicate COS7 cell outline. The overlay of sequential binarized images is, color-coded by time. Radial kymo-

graphs for the recordings are indicated in right panel. (C) Time traces of R90% for cells transfected with the KIF5-MDC-FRB 

(n=9; black line), TRAK1-N-FRB (n=5; green line), TRAK2-N-FRB (n=9; red line), DHC-MDC-FRB (n=8; blue line). Sigmoid curves 

were fitted. Note R90% - the radius for each time point that includes 90% of the total fluorescent intensity. (D) Graph showing 

the average speed of peroxisomes as calculated from time traces of R90%. (E) Graph showing peroxisome displacement 15 

minutes after addition of rapalog. (F-H) Time-series showing translocation of TRAK2-N-FRB mediated cargo after addition 

of rapalog within 33 seconds (F) and 5 seconds (H). Scale bars is 5 μm. The recording in (F, H) are shown in a kymograph (G). 

Bidirectional motion is observed after TRAK2-N recruitment to the peroxisome. (I) Schematic overview of the three distribu-

tion patterns observed in HeLa cells using the peroxisome based trafficking assay; random distribution (white), peripheral 

(black) or pericentral (blue) accumulations. (J) Percentage of HeLa cells showing dispersed, pericentrosomal or peripheral 

distribution of PEX-GFP alone compared to double transfection with TRAK1-N, or TRAK2-N and triple transfection with KIF5B 

siRNA, myc-KIF5B or HA-p50 constructs.
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COOH terminus of TRAK1 and TRAK2 (FRB-HA-TRAK1-FKBP and FRB-HA-TRAK2-FKBP), respective-

ly, causing a tight interaction between the C-terminal and N-terminal parts of TRAK after rapalog 

addition (Figure 8A). We first tested the system in HeLa cells by expressing FRB-HA-TRAK1-FKBP 

or FRB-HA-TRAK2-FKBP and treating cells with rapalog for different time periods (0, 15 min and 30 

min). Already 15 minutes after the addition of rapalog, the number of FRB-HA-TRAK1-FKBP cells with 

a pericentral TRAK1 localization shifted from ~10% (control 0 min rapalog) to ~60% (Fig. 8C), sug-

gesting a change in balance from plus-end directed to minus-end directed transport. No marked 

effect was observed in cell expressing FRB-HA-TRAK2-FKBP. Next, neurons were transfected with 

FRB-HA-TRAK1-FKBP or FRB-HA-TRAK2-FKBP constructs and treated with rapalog for different peri-

ods of time; 0, 30 min and 2 hours. In control situation (0 min rapalog), the localization of TRAK1 and 

TRAK2 in axons and dendrites was similar to that described before. However, the addition of rapa-

log for 30 minutes caused a marked translocation of TRAK1 from the axonal compartment to the 

dendritic branches (Figure 8D), while TRAK2 maintained its dendritic distribution (data not shown). 

The change in PI reflects the strong enrichment of TRAK1 in dendrites (Figure 8E). The lack of KIF5B 

binding with the rapalog-induced ‘closed’ conformation of FRB-HA-TRAK1-FKBP was confirmed by 

immunoprecipiation experiments, while the binding for dynein/dynactin was unaffected (Figure 

8B). Together these data strongly indicate that conformational differences between TRAK proteins 

control motor binding and regulate polarized mitochondrial sorting in neurons.

DISCuSSIon

Complex processes critical for neuronal polarization have adapted basic cellular pathways to 

achieve the functional specialization of axons and dendrites. Some of these processes, such as cargo 

trafficking, require additional layers of control and significant fine-tuning. Here, we describe a new 

molecular mechanism that efficiently coordinates mitochondrial transport in neurons. We demon-

strate that the TRAK family proteins are bidirectional motor-adaptors that differ in their function 

to transport mitochondria into axons and dendrites. TRAK1 binds to both kinesin-1 and dynein/

dynactin, is prominently localized in axons and required for axonal outgrowth, whereas TRAK2 pre-

dominantly interacts with dynein/dynactin, is more abundantly present in dendrites and required 

for dendritic development. Moreover, we show that the differential function of the TRAK proteins 

can be explained by conformational differences. Our data suggest that TRAK2 adopts a folded con-

formation through an association between its NH2 and COOH termini, which inhibits the binding to 

kinesin-1 and prevents axonal transport. 

Mammalian TRAK proteins control mitochondria trafficking in polarized cells

Previous work examining the role of motor proteins in axonal mitochondrial transport revealed 

that the opposite-polarity motors kinesin-1 and dynein drive anterograde and retrograde trans-

port, respectively [3-5]. In many models, targeting of mitochondria depends on kinesin-1’s ability to 

overcome the opposing effect of dynein and understanding motor protein regulation has become 
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a key challenge to interpret retrograde versus anterograde motility. It is clear that the activity of 

both opposite-polarity motors triggers bidirectional transport, which is most likely regulated by 

cargo-adaptor proteins [27]. Here, we show that kinesin-1 and dynein/dynactin co-operate to con-

trol trafficking of mitochondria in the axon. Inhibition of kinesin-1 or dynein alone reduced mobility 

in both retrograde and anterograde directions, consistent with detailed genetic analysis of mito-

chondrial movement in Drosophila larval motor axons [7]. This is in agreement with other model 

systems where kinesin-1 and cytoplasmic dynein require each other for bidirectional transport of 

intracellular cargo [28]. In contrast, we show that mitochondria mobility in dendrites only requires 

dynein motor activity, which is consistent with dynein-only-coupled cargos moving in a bidirection-

al fashion along anti-parallel dendritic microtubules [23]. 

 Recent work has also revealed that, in addition to bidirectional transport, kinesin-1 and dynein/

dynactin proteins play important roles in selective trafficking into axons and dendrites [10]. Studies 

in both Drosophila and mammalian neurons indicated that kinesin-1 motors, often in concert with 

dynein [7,29], drive transport into the axon, while the dynein/dynactin complex is the key motor for 

selective transport into dendrites [12,13]. The axonal targeting of kinesin-1 is governed by microtu-

bule modifications that enhance kinesin-1 binding, whereas dynein-dependent cargo sorting to 

dendrites is facilitated by the minus-end distal oriented microtubules exclusively present in den-

drites [11,12]. Our data demonstrate that kinesin-1 motors drive mitochondria transport into axons 

and require dynein/dynactin for its activity, while dynein/dynactin steers mitochondria trafficking 

into dendrites independently of kinesin-1. The strong and opposite targeting preferences of these 

mitochondrial transport motors in axons and dendrites suggest that establishing non-polarized 

transport of mitochondria requires fine-tuning of dynein and kinesin-1 motor protein activity. Our 

data suggests that mammalian TRAK1 and TRAK2 differentially employ these two transport machin-

eries and together mediate selective mitochondrial trafficking in polarized cells. We propose a mod-

el in which kinesin-1 drives mitochondria transport into axons and requires dynein for its activity 

(controlled by TRAK1) and dynein steers mitochondria trafficking into dendrites independently of 

kinesin-1 (controlled by TRAK2).

 Several lines of evidence support this model. First, we show that TRAK1 and TRAK2 have a 

polarized distribution in hippocampal neurons. TRAK1 is prominently localized in axons, while 

TRAK2 is more abundantly present in dendrites. Second, increased TRAK1 expression levels drives 

mitochondria in the axon, while overexpression of TRAK2 leads to the accumulation of mitochon-

dria in dendrites. These opposing effects were also observed in non-neuronal cells, where TRAK1 

expression exhibits a more peripheral localization and TRAK2 shows a central localization. Third, 

TRAK1 and TRAK2 associate with different motor protein complexes - TRAK1 binds to both kinesin-1 

and dynein/dynactin while TRAK2 predominantly interacts with dynein/dynactin. This suggests 

that TRAK2 is predominately linked to minus-end directed transport motors, which makes it an ide-

al candidate for targeting mitochondria to dendrites. We propose that TRAK2 controls transport 

of mitochondria from the cell body into dendrites by promoting dynein binding. Consistently, our 

data show that dynein/dynactin are required for the proper dendritic distribution of mitochondria 

and that direct coupling of dynein to mitochondria drives their transport into dendrites. Once mito-
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chondria are inside axons or dendrites, the final targeting - such as to synapses - could be achieved 

through selective retention at target sites [6], or specific delivery by additional actin-dependent 

motors such as myosin V [5].

Conformational differences between TRAK proteins govern mitochondrial trafficking

Our data support the motor-adaptor model for Drosophila Milton which proposes that linkage of 

mitochondria to the transport machinery involves Milton/TRAK adaptors that bind to microtu-

bule-based motors [3,16,17]. Expression of Milton in HEK293 cells also showed clustering of mito-

chondria near the microtubule-organizing center [15], suggesting that Drosophila Milton might 

interact with components of the dynein/dynactin complex. Moreover, several Milton splice variants 

have been described in flies that differentially bind to kinesin-1 [21]. The splice variant Milton-C 

shows remarkable similarities with TRAK2 - it induces pericentrosomal accumulation of mitochon-

dria and binds relatively poorly to kinesin-1 [21]. 

 To explain the functional differences between TRAK1 and TRAK2, we propose that TRAK2 pro-

teins change their protein conformation as a result of interaction of the N-terminal coiled-coil region 

and C-terminal domain, thereby affecting the interaction with KIF5B. Our data demonstrate that 

the intramolecular TRAK2 interaction and KIF5B binding are mutually exclusive. Thus, only when 

the N-terminal TRAK2 domain detaches from the C-terminal tail domain, this N-terminal region 

becomes available for kinesin-1 binding. The binding of TRAK2 to the mitochondrial adaptor Miro 

and to components of the dynein/dynactin complex does not dependent of TRAK protein folding. 

Therefore, TRAK2 enriched mitochondria will predominantly contain dynein/dynactin and subse-

quently drive mitochondria into the dendrites. In contrast, TRAK1 is largely precluded from efficient 

self-folding, interacts with KIF5 and drives mitochondria into axons. Induced folding of TRAK1 by 

using the FRB-rapalog-FKBP system makes it behave similar to TRAK2 and promotes its transloca-

tion from the axon to dendrites. Consistent with the data that folded TRAK conformations compete 

with kinesin-1 binding, the rapalog-induced ‘closed’ TRAK1 does not longer bind to KIF5B, while the 

interaction with dynein/dynactin is unaffected. 

Figure 7. Intramolecular head-to-tail interactions in TRAK2 measured by FRET in living cells

(A) Co-immunoprecipitations from extracts of HEK293 cells co-transfected with indicated constructs. (B) Emission spectrums 

of the extracts prepared from HEK293 cells transfected with TRAK1 (green line) or TRAK2 (red line) constructs fused to YFP 

and CFP or corresponding controls (including YFP + CFP (black line) and YFP-CFP tandem (blue line)), measured with exci-

tation at 425 nm. Fluorescence intensity is shown in arbitrary units. (C) COS7 cells were transfected with indicated constructs. 

The lifetime of CFP was measured and compared to YFP + CFP as negative control and YFP-CFP tandem FRET construct as 

positive control. The lifetimes are presented in pseudo-color scale (2 – 3.5 ns range). (D-E) Statistical analysis of FRET efficien-

cy for fixed (D) and living (E) COS7 cells transfected with the constructs represented in (C). Between 6-12 cells were measured 

per group. Error bars indicate SEM. * p<0.05; ** p<0.01; *** p<0.001. (F) Acceptor bleaching FRET of indicated constructs in 

COS7 cells. Pre- and post-bleached images of YFP and CFP channels are depicted. Bleached area of the acceptor (YFP) is 

indicated in white circle. CFP intensity images are presented in pseudo-color scale (0-255). (G) Quantification of FRET AB 

efficiency. CFP intensities in the bleached area were measured before and after bleaching of YFP and plotted as mean FRET 

AB efficiency. Between 10-31 cells were measured per group. Error bars indicate SEM. * p<0.05; ** p<0.01.
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 Mitochondria in axon and dendrite have both TRAK proteins and opposing motors on them in 

both compartments. This implies that concentration differences of TRAK1 and TRAK2 on mitochon-

dria can balance the transport in either the anterograde or retrograde direction and subsequently 

steers mitochondria trafficking to axons or dendrites. Mitochondria with higher TRAK2 levels have a 

higher chance to be transported by dynein, while mitochondria on which TRAK1 is more abundant 

are more frequently transported by kinesin-1. This differential transport also explains why more 

TRAK1 accumulates in axons and more TRAK2 in dendrites; the polarized TRAK pools can further 

promote differential transport of mitochondria within the two neuronal compartments. However, 

this is probably not the complete picture. TRAK1 and TRAK2 can most likely, at least partly, com-

pensate for each other’s function. For example, TRAK1 can form a N- and C-terminal interaction and 

show FRET signals in single cell assays and TRAK1 knock-down reveals a mild dendrite morpholo-

gy phenotype with some trafficking defects. Moreover, knock-down of TRAK1/2 and inhibition of 

dynein/dynactin and kinesin-1 does not completely stop mitochondrial motility but inhibits axonal 

and dendritic transport about two to three-fold. Therefore, it is expected that additional motor pro-

teins but also coordinating factors and signaling proteins will participate in regulating bidirectional 

Figure 8. Conformational changes in TRAK proteins regulate mitochondrial sorting

(A) Schematic overview of FRB-rapalog-FKBP system used to induce folding of TRAK proteins. (B) Immunoprecipitations 

using HA antibodies from extracts of HeLa cells transfected with FRB-HA-TRAK1-FKBP and treated with (+) or without (-) 

rapalog for 10 minutes. (C) Representative images of transfected HeLa cells with FRB-HA-TRAK1-FKBP before (0 min) and 

after (30 min) addition of rapalog. The number of cells with a pericentral TRAK1 localization shifted from ~10% to ~60% 

within this time frame (p<0.05, n=3 independent experiment). Scale bar, 10 μm. (D) Representative images of hippocampal 

neurons at DIV 12+2 transfected with FRB-HA-TRAK1-FKBP before (0 min) and after (30 min and 2 hours) addition of rapalog. 

Scale bar, 10 μm. (E) Polarity index of FRB-HA-TRAK1-FKBP in hippocampal neurons at DIV 12+2 before (0 min) and after (30 

min and 2 hours) addition of rapalog. Three independent experiments (n > 15 neurons). Error bars indicate SEM. *** p<0.001.
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movements and polarized mitochondria transport in neurons. Recent work characterized Miro’s 

role as a calcium sensor for the regulation of mitochondrial dynamics and bidirectional transport 

[18,19,30] and found a role for O-linked N-acetylglucosamine (O-GlcNAc) transferase (OGT) [25,31] 

and PINK1 [32,33] in controlling mitochondrial dynamics. Moreover, it is tempting to speculate that 

conformational switching of TRAK proteins is an additional mechanism for local motor protein reg-

ulation. Additional studies are required to determine whether other adaptor/motor complexes par-

ticipate in mitochondria transport and whether local signaling can influence polarized trafficking.

 In this study we established a key role for mammalian TRAK proteins in axonal and dendritic 

targeting of mitochondria. We found that TRAK proteins are important for uniform mitochondria 

distribution in polarized cells and both axon and dendritic morphology. Expression of individual 

TRAK protein changes the distribution of mitochondria in axons or dendrites. Alterations in mito-

chondrial transport has been described in kinesin and dynein mutant mice [34,35] and are correlat-

ed with several neurodegenerative diseases [11,2]. Our current findings provide new molecular 

targets to investigate the axonal and dendritic mitochondrial transport machinery in neurodegen-

erative disease models. Future studies using genetic disease mouse models will help to elucidate 

the mechanisms regulating the molecular interplay between motors, bidirectional adaptor and 

polarized transport machinery and advance our understanding of neurodegenerative disorders. 

MATERIALS AnD METHoDS

Antibodies and reagents
cDNAs encoding human TRAK1 (amino acids 754–953) and TRAK2 (amino acid 848-913) were cloned into pGEX-
4T to generate glutathione-S-transferase (GST) fusion proteins. Rabbit anti-TRAK1 and anti-TRAK2 antibodies 
were generated by immunizing rabbits with GST-TRAK fusion proteins. Details of TRAK antisera and other anti-
bodies and reagents are in the Supplementary Material and Methods.

DNA constructs
The TRAK1 and TRAK2 expression constructs and their deletion mutants were generated by a PCR-based strat-
egy using the human TRAK1 cDNA (KIAA1042, a gift from Kazusa DNA Research Institute) and human TRAK2 
cDNA (IMAGE clone 4814594). The TRAK1#1 (5’-GCTGTCGCAAATCGTGGACTT) and TRAK1#2 (5’-GTGTACTG-
CCTTAACGACT) the TRAK2#1 (5’-GCTTGTCACATCAAGACAGAA) and TRAK2#2 (5’-CGCTACATGATTCTAGGCA) 
sequences targeting rat TRAK1 mRNA (NM_001042646.1) and TRAK2 mRNA (NM_015049.1) were designed by 
using the siRNA selection program at the Whitehead Institute for Biomedical Research. For details see supple-
mentary Material and Methods.

Primary hippocampal neuron cultures and transfection 
Primary hippocampal cultures were prepared from embryonic day 18 (E18) rat brains and transfected using 
Lipofectamine 2000 (Invitrogen). 

Image acquisition, processing and morphometric analyses
Simultaneous dual color time-lapse live cell imaging and TIRFM was performed on a Nikon Eclipse TE2000E 
microscope with Coolsnap and QuantEM cameras (Roper Scientific). Neurons were maintained at 37ºC with 
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5% CO2 (Tokai Hit). FRET-FLIM measurements on fixed and living cells expressing YFP and CFP fused to the 
NH2- and COOH-terminus of TRAKs and corresponding controls were performed on a PCM-2000 Confocal 
microscope equipped with a time-gated fluorescence lifetime imaging module (LiMo, Nikon Instruments). FRET 
acceptor photobleaching experiments were performed on SP5 CLSM systems (Leica-Microsystems). For details 
see supplementary Material and Methods.
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ABSTRACT

Neurons are highly polarized cells and their development and homeostasis heavily relies on the 

selective targeting of cargos into axon and dendrites. While axonal vesicles move efficiently through 

the axon initial segment (AIS), somatodendritic cargos do not go beyond the AIS but instead halt 

or reverse direction. Microtubule-based motor proteins are known to play an important role in 

polarized transport, however the mechanism to send “wrongly” targeted somatodendritic cargos 

back to the soma is unclear. Here, we show that the dynein regulator protein NDEL1 controls som-

atodendritic cargo transport at the AIS. During neuron development NDEL1 shifts its localization 

from a pericentriolar region to the AIS. NDEL1 interacts with the scaffold protein Ankyrin-G, which is 

required for its specific localization at the AIS. Depletion of NDEL1 causes accumulation of somato-

dendritic specific cargoes in the axon and decreases bidirectional motility of axonal cargos, which is 

accompanied by increased axonal thickness. We propose a model in which NDEL1 controls dynein 

activity at the AIS and facilitates the reversal of somatodendritic transport cargos.
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NDEL1 controls cargo transport at the AIS

InTRoDuCTIon

Neurons are highly polarized cells that extend one single axon and several dendrites. The dendrites 

are short and highly branched and receive signals from neighboring neurons, while the axon deliv-

ers information and typically extends long distances to contact other cells. Since they have distinct 

structurally and functionally characteristics, axon and dendrites differ in their molecular organi-

zation and require different sets of specific components. For instance, dendrites contain different 

postsynaptic receptors, and axons have many presynaptic proteins. The axon initial segment (AIS) 

that separates the somatodendritic and axonal compartments plays a critical role in maintaining 

the molecular and functional polarity of the neuron [1,2]. The AIS controls neuronal polarity by both 

forming a diffusion barrier for membrane proteins at the cell surface and regulating selective cargo 

traffic between the soma and the axon [3]. Vesicles containing somatodendritic proteins can enter 

the axon but very rarely move beyond the AIS, whereas cargoes transporting axonal proteins can 

proceed through the AIS into more distal parts [4,5]. These observations support a role of the AIS as 

a selective transport filter [6]. 

 There is strong evidence that microtubule-based motor proteins drive selective transport to 

sort cargo into axons and dendrites. However, the molecular mechanism of polarized trafficking 

in neurons is quite complex and not fully understood. The targeting of polarized cargo is deter-

mined by the distinct microtubule organization in axons and dendrites in combination with the 

specific regulation of motor-cargo complexes [7,8]. The unidirectional axonal microtubule organi-

zation facilitates microtubule plus-end directed kinesin movements, resulting in anterograde cargo 

transport in axons [9,10]. A growing body of evidence suggests that axonal microtubules harbor 

specific cues for kinesin recruitment and subsequent axonal cargoes targeting [11-15]. More recent 

studies demonstrate that microtubule minus-end directed dynein is both necessary and sufficient 

for polarized transport by facilitating specific cargo sorting to dendrites [10,16,17]. In dendrites of 

mammalian neurons the microtubules coalesce into bundles of mixed polarity and dynein steers 

cargo along minus-end outward microtubules into the dendritic compartments [10,18].

 What is the role of dynein in axonal transport? It is well established that dynein is the motor for 

retrograde axonal transport and opposes kinesin in driving bidirectional cargo trafficking [19,20]. 

One recent model suggests that dynein might also exclude somatodendritic cargoes from the axon 

by bringing them back to the soma along AIS microtubules [3], similarly to what was proposed for 

myosin V along actin filaments [21]. Since myosin-V is an ineffective long-range transporter [22], 

efficient reversal of wrongly targeted dendritic cargo by myosin-V seems an inefficient approach. In 

the new model, kinesin drives cargo along microtubules to the AIS where dynein becomes activat-

ed causing the vesicles to stop and move back towards the soma. Despite the evidence that dynein 

motors are involved in retrograde axonal transport and somatodendritic targeting, the mechanisms 

by which the AIS controls dynein-mediated cargo trafficking is unknown.

 Dynein is known to associate with a large number of adaptor proteins that regulate its func-

tion and localization [23]. Nuclear distribution element 1 (NDE1, also known as Nude) and NDE-

like 1 (NDEL1, also known as Nudel) are some of the best characterized dynein regulators and have 
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Figure 1. In developing hippocampal neurons NDEL1 proteins shift from a pericentriolar to an axon initial segment 

localization 

(A) Representative images of rat hippocampal neurons in culture. Fixed at the indicated times (day 0, 1 or 3) and stained for 

centrosome marker pericentrin (red) and NDEL1 (green). Arrows indicate localization of NDEL1 in a neurite. Scale bar, 20 μm.

(B) Image of the cell body of a hippocampal neuron at DIV 1 stained for pericentrin (blue), NDEL1 (green) and pericentriolar 

material 1 (PCM1, red). (C, D) Hippocampal neurons at DIV 3 stained for NDEL1 (green) and axonal marker tau (C) or axon 

initial segment marker Ankyrin-G (D) (red). (E) Representative image of an axon of a neuron transfected at DIV 1 for 2 days 

with GFP-NDEL1 and stained for Ankyrin-G (D) (red). (F) Percentage of axons positive for NDEL1 and tau (left part graph) or 

Ankyrin-G (right) at the first stages of neuron development (DIV 2, 50-100 neurons were analyzed) (G) Representative images 

of axons of hippocampal neurons stained for NDEL1 and tau or Ankyrin-G at DIV1. (H) Labeling of NDEL1 in mouse cerebellar 

cortex showing intense staining of the AIS of molecular layer (ml) interneurons (arrow heads) and Purkinje cells (arrows). 

(I) High magnification of NDEL1 labelling in the AIS of a Golgi cell in the cerebellar granule cell layer (gl) of a GlyT2-GFP 

transgenic mouse. Dashed lines indicate the edges of the whole neuron (A, B) or soma (D, E) and insets show magnification 

of boxed areas.
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been found to play an essential role in neurodevelopment [24,25]. Recent genetic studies identi-

fied mutations in the NDE1 gene in patients with malformations of cortical development, with a 

common feature of microcephaly [26]. NDE1 and NDEL1 are highly similar coiled-coil-containing 

proteins that interact with dynein and Lissencephaly 1 (LIS1). How this tripartite complex consisting 

of dynein, LIS1 and NDE1/NDEL1 regulates dynein function is not fully understood but biochemical 

and biophysical studies have found that NDE1/NDEL1 recruits LIS1 to dynein, subsequently facilitat-

ing dynein movement [27-30].

 In the present study, we investigate the role of dynein and its regulators in controlling car-

go trafficking at the AIS. We screened several dynein subunits and dynein regulator proteins for 

their localization in hippocampal neurons and found that the NDE protein family specifically local-

izes to the AIS. We showed that NDEL1 C-terminus interacts with the cytoskeletal scaffold protein 

Ankyrin-G and determines its specific localization at the AIS. We found that depletion of NDEL1 leads 

to an accumulation of somatodendrite cargoes at the AIS, a decrease in bidirectional motility of axo-

nal cargos and an increase in AIS diameter. Together, these results demonstrate that NDEL1 mediates 

selective vesicle filtering at the AIS and acts as a gatekeeper of somatodendritic transport cargos.

RESuLTS 

Dynein regulator NDEL1 localizes to the AIS

Previous studies have shown that axonal vesicles move efficiently through the axon initial segment 

(AIS), while somatodendritic cargos do not go beyond the AIS but instead halt or reverse direction 

[4,5]. We used primary rat hippocampal neurons to further explore the role of dynein in regulating 

cargo selectivity at the AIS. First, we determined the localizations of dynein and dynein regula-

tors in developing and mature hippocampal neurons (DIV 3 and DIV21). Most dynein and dynactin 

antibody stainings revealed a diffuse cytoplasmic pattern throughout the neuron with a higher 

intensity in the growth cones (data not shown). Interestingly, dynein regulator protein NDEL1 is 

present around the centrosome in young neurons but redistributes to one of the processes during 

neuronal development (Figure 1A). Double labeling of NDEL1 with the pericentriolar marker PCM1 

showed co-localization in DIV1 neurons (Figure 1B). After 3 days in culture, NDEL1 is fully redistrib-

uted and localizes specifically to the initial part of the axon, as indicated by an axon-specific tau 

staining (Figure 1C). This NDEL1 staining pattern co-localizes with endogenous Ankyrin-G, a marker 

for the AIS (Figure 1D). Likewise, GFP-tagged NDEL1 and NDEL1 homologue NDE1 also localize to 

the AIS (Figure 1E, data not shown). To analyze more precisely the axonal NDEL1 distribution with 

respect to other axonal markers during neuronal development, neurons were fixed at DIV 2 and 

stained for tau, Ankyrin-G and NDEL1. At this time point, only 10% of tau-positive axons also are 

positive for NDEL1, suggesting that NDEL1 distribution to the AIS occurs after axon specification. In 

contrast, AIS localization of NDEL1 is observed in 100% of Ankyrin-G positive axons (Figure 1F and 

G), suggesting that Ankyrin-G and NDEL1 appear at the AIS around the same time during axonal 

development. Immunohistology on brain sections from adult mouse showed that increased NDEL1 

NDEL1 controls cargo transport at the AIS
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staining occurs in the AIS of neurons throughout the central nervous system including hippocam-

pus and cerebellar cortex (Fig. 1H, I). Hence, NDEL1 also is present in the AIS of neurons in the adult 

nervous system.

The C-terminus of NDEL1 interacts with neuron-specific isoform of Ankyrin-G 

We next searched for NDEL1 binding partners that could explain its AIS localization. Together with 

binding partner LIS1, NDE1/ NDEL1 form a tripartite complex with dynein. NDE1 is required for 

recruiting LIS1 to the dynein complex and facilitating the movement of dynein along microtubules 

[27,28]. To identify interacting proteins of LIS1, NDE1 and NDEL1 we performed pull down assays 

combined with mass spectrometry. Biotinylated and GFP-tagged (bio-GFP) LIS1, NDE, NDEL1 or con-

trol bio-GFP constructs were transiently expressed in HEK293T cells together with the protein-bi-

otin ligase BirA. Proteins were isolated with streptavidin beads, incubated with rat brain extracts, 

and analyzed by mass spectrometry. As expected, we identified several components of the dynein 

and dynactin complex and dynein regulators, verifying the previously identified tripartite complex 

(Figure 2A). In addition, we identified novel potential binding partners of NDEL1, including α-actinin, 

Ankyrin-G, βIV-spectrin and synaptopodin. These proteins were described to be abundantly pres-

ent at the AIS [31]. We also found these AIS proteins highly enriched in the NDE1 pull-down and not 

in the LIS1 pull-down (Figure 2A). These mass spectrometry results were confirmed by biotin and 

GFP pull down experiments (Figure 2D, E), demonstrating that both NDE1 and NDEL1 associate with 

components of the AIS. 

 The scaffolding protein Ankyrin-G is essential for AIS assembly and required clustering 

of most other AIS components [32-35]. The two largest Ankyrin-G isoform, Ankyrin-G-270 and 

Ankyrin-G-480, are expressed only in neurons and contain a unique serine-rich and tail domain 

that contributes to the restriction of Ankyrin-G at the AIS (Zhang and Bennett 1998). To identify the 

region through which Ankyrin-G interacts with NDEL1 we first made truncated Ankyrin-G-270-GFP 

constructs encoding either the serine-rich and tail domain or an Ankyrin-G variant lacking these 

Figure 2. The C-terminus of NDEL1 interacts with Ankyrin-G and determines the AIS localization

(A) Binding partners of bio-GFP-LIS1, -NDE1 and -NDEL1 in HEK293 cells loaded with brain extracts and identified by mass 

spectrometry. The list is corrected for background proteins which were identified in a control pull-down from cells expressing 

bio-GFP. (B, C) Schematic overview of Ankyrin-G (B) and NDEL1 (C) deletion mutants used in this study. 

(D) Biotin pull-down (PD) from HEK293 extracts transfected with bio-GFP-NDE1, bio-GFP-NDEL1 or control bio-GFP and 

BirA, probed for GFP and endogenous Ankyrin-G and βIV-spectrin. (E) GFP pull-down from HEK293 extracts transfected with 

HA-NDE1 or HA-NDEL1 and GFP-Ankyrin-G or control GFP. The results were analyzed by western blotting with the indicated 

antibodies. (F) Binding domain analysis by GFP pull-down assay using lysates of HEK293 cells expressing GFP-Ankyrin-G 

truncated constructs and HA-NDEL1. Samples were immunoblotted using anti-HA and anti-GFP antibodies. (G) Analysis 

of NDEL1 binding domain by GFP pull-down assay using HEK293 cells co-expressing GFP-NDEL1 truncated constructs and 

HA-Ankyrin-G. Samples were immunoblotted using anti-HA and anti-GFP antibodies. (H) GFP pull-down from HEK293 

extracts transfected with GFP-NDEL1 truncation constructs and probed for GFP and endogenous dynein intermediate chain 

(IC74) and p150 glued. (I) Neurons transfected with either GFP-tagged NDEL N-terminus or C-terminus and labelled with anti-

Ankyrin-G (red) antibody. Arrows indicate Ankyrin-G immunolabeled AISs.
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domains (Figure 2B). Pull-down experiments using HEK293T cells co-expressing HA-NDEL1 and the 

Ankyrin-G deletion constructs showed that NDEL1 only coprecipitates with Ankyrin-G fragments 

that contain the neuron specific serine-rich and tail domains (Figure 2F). To further characterize the 

binding of NDEL1 with Ankyrin-G we truncated NDEL1 in several fragments, including a N-terminal 

dimerization domain (Nterm) that binds to dynein [36], a middle region that contains the LIS1-bind-

ing region (middle) and a C-terminal domain (Cterm) (Figure 2B). The different GFP-NDEL1 truncation 
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constructs were co-expressed with full-length Ankyrin-G in HEK293T cells and precipitated using 

GFP-trap magnetic beads. Ankyrin-G only coprecipitated with GFP-NDEL1 constructs that contain 

the C-terminal fragment (Figure 2G). When expressed in neurons, the NDEL1 N-terminus shows a 

diffuse expression pattern throughout the neuron while the NDEL1 C-terminal domain localizes 

specifically to the AIS (Figure 2I). To further explore the NDEL1-dynein interaction we expressed the 

truncated NDEL1 constructs and assessed the dynein/dynactin interaction by pull down assays. As 

reported [36] the intermediate chain of dynein (IC74) and p150Glued subunit of dynactin coprecip-

ited with N-terminal NDEL1 fragment (Figure 2H). Together, these data show that the NDEL1 binds 

dynein/dynactin via its N-terminus, while the C-terminus of NDEL1 is required for the localization to 

the AIS and interacts with the neuron specific isoform of Ankyrin-G.

Ankyrin-G is important for NDEL1 localization to the AIS

To probe the stability of NDEL1 in the AIS, we performed fluorescence recovery after photobleach-

ing (FRAP) analysis of GFP-NDEL1 compared to GFP-Ankyrin-G and GFP-tau in axons of DIV11 neu-

rons, a stretch of 3 μm of the proximal axon was bleached by high laser power and fluorescence 

intensity was measured over a period of 10 minutes (Figure 3A). As reported [37], GFP-tau fluores-

cence recovered rapidly in axons and reached a maximal recovery of ~95% within this time frame. 

In contrast, GFP-NDEL1 had a slower recovery both reaching a maximum of ~20-25% (Figure 3B), 

indicating that in the AIS a large fraction of NDEL1 molecules are immobile (Figure 3C). The stability 

of NDEL1 in the AIS is very similar to GFP-Ankyrin-G (Figure 3C). Upon disrupting the microtubule or 

actin cytoskeleton by 30 μM nocodazole or 10 μM latrunculin, both Ankyrin-G and NDEL1 are still 

present in the AIS, indicating that their localization is not dependent on the cytoskeleton (Figure 3D, 

E). In contrast, NDEL1 staining in the AIS disappeared after knockdown of Ankyrin-G (Figure 3F-H), 

indicating that recruitment of NDEL1 to the AIS depends on Ankyrin-G. Taken together these data 

show that both Ankyrin-G and NDEL1 are stably present in the AIS and that Ankyrin-G is required 

for the AIS localization of NDEL1.

NDEL1 is required for normal AIS morphology

To determine the role of NDEL1 in the AIS, we first generated two independent shRNAs against 

NDEL1 based on previously published sequences [38,39] and performed knockdown experi-

ments in hippocampal neurons. Efficiency of shRNA knockdown was verified by immunostaining 

of endogenous NDEL1 in neurons co-transfected with GFP or β-galactosidase as unbiased cell fills 

(Figure 4A,B). In contrast to the loss of NDEL1 staining after Ankyrin-G knockdown (Figure 3F-H), 

NDEL1 knockdown did not affect Ankyrin-G immunostaining (Figure 4B). Next, we analyzed the 

length of axons and dendrites in DIV 7 hippocampal neurons. Knockdown of NDEL1 caused a sig-

nificant decrease in axonal length as well as in dendritic length (Figure 4D-F). Interestingly, detailed 

morphological analysis revealed that NDEL1 depletion increases the axonal diameter at the AIS (Fig-

ure 4G,H). Moreover, shRNA-depletion of LIS1 (Figure 4A,C) and expression of dominant negative 

dynactin (p150-cc1) also increased AIS thickness (Figure 4G,H), suggesting that proper regulation of 

dynein activity is required for normal AIS morphology. The AIS swelling caused by NDEL1 depletion 
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Figure 3. NDEL1 localization in de AIS is dependent on Ankyrin-G

(A) Representative images showing GFP-tau, GFP-Ankyrin-G or GFP-NDEL1 recovery after photobleaching in the AIS of hip-

pocampal neurons at DIV 7. (B) Fluorescent recovery plots showing the mean rates of GFP recovery in photobleached axons. 

Fluorescent intensity was normalized to intensity before bleaching. (C) Quantification of the mobile and immobile fractions 

of GFP-tau, GFP-Ankyrin-G and GFP-NDEL1. Ten cells were analyzed for each condition. (D, E) Images of neurons treated with 

nocodazole (D) or latrunculin (E) fixed on DIV 5 labeled with antibodies against NDEL1 (green), neuron specific tubulin or actin 

(red) and Ankyrin-G (blue). Arrows indicate Ankyrin-G labelled AIS and insets show Ankyrin-G labelling. (F) Quantification of 

Ankyrin-G and NDEL1-levels in AISs of neurons expressing Ankyrin-G-shRNA for 4 days. Eleven (control) or 13 (shRNA) cells 

were analyzed. Data are presented as means ± SEM, ***P<0.001. (G) Representative images of primary neurons (DIV 10) trans-

fected with empty pSuper or Ankyrin-G-shRNA and β-galactosidase (red) and stained for NDEL1 (green) and Ankyrin-G (blue).
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was fully rescued by co-expressing full length NDEL1, indicating that the observed NDEL1 knock-

down effect is specifically caused by disrupting NDEL1 function (Figure 4I,J). In contrast, NDEL1 N- 

and C-terminal fragments were not able to restore normal axon diameter (Figure I,J). These data 

suggest that both the N-terminus (dynein binding) and C-terminus (Ankyrin-G binding) are neces-

sary for NDEL1 function at the AIS.

 

NDEL1 controls dendrite-specific TfR localization

Because of its role in dynein/dynactin regulation and its specific localization in the AIS, we hypoth-

esized that NDEL1 might be involved in somatodendritic cargo trafficking at the AIS. To determine 

whether NDEL1 knockdown affects somatodendritic cargo distribution in neurons, we first exam-

ined the distribution of the transferrin receptor (TfR), a recycling transmembrane protein strictly 

localized to the somatodendritic region [40,41]. In control neurons, GFP-TfR is present in the soma 

and dendrites, but excluded from the axon (Figure 5A, D). However, after depletion of NDEL1 or inhi-

bition of dynein by p150-cc1 overexpression, TfR appears in the axon and loses its dendrite specific 

localization (Figure 5B-D). These data suggest that NDEL1 is important for keeping somatodendritic 

cargoes out of the axon. 

NDEL1 does not affect axonal microtubule organization

We next determined whether NDEL1 influences the localization of other dynein/dynactin compo-

nents in the AIS. Both NDEL1 overexpression and NDEL1 depletion did not affect the endogenous 

immunostaining of the light intermediate chain of dynein, the p150 subunit of dynactin and LIS1 

(Figure 6A,B). Also, inhibition of the dynein/dynactin complex by overexpressing GFP-p150-cc1 did 

not affect NDEL1 localization (Figure 6C). 

 One possible explanation for the increase of somatodendritic cargoes in the AIS is that the 

underling microtubule network is disturbed. Previous work revealed that dynein has a role in con-

trolling the uniform orientation of axonal microtubules in Drosophila neurons [17]. LIS1 and NDEL1 

also play a role in microtubule organization and have been implicated in the transport of micro-

tubules to the cell periphery [42,43]. Given these previous observations we examined the effect 

of NDEL1 knockdown on microtubule dynamics and organization in the axon. Neurons expressing 

NDEL1 shRNAs were stained for EB3 as a marker of dynamic microtubules [44] and showed the char-

acteristic comet-like microtubule plus-end patterns and the number of comets in the AIS did not 

differ from control neurons (Figure 6D). In addition, NDEL1 knockdown did not affect the staining 

for CAMPSAP2, a marker for microtubule minus-ends [45] (Figure 6E). To further investigate possi-

ble effects on microtubule orientation, we used live cell imaging. Control and NDEL1 knockdown 

neurons were co-transfected with GFP-MT+TIP, which strongly labels growing microtubule ends. 

Knockdown of NDEL1 did not affect the direction of microtubule growth (Figure 6F), suggesting 

that the majority of microtubules in the AIS are plus-end out. These data indicate that NDEL1 does 

not influence microtubule dynamics and organization in the AIS. 
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NDEL1 is required for bidirectional motility of axon cargos

It is well established that the dynein drives retrograde axonal transport and opposes kinesin in 

bidirectional cargo trafficking [19,20]. In many experimental systems depletion of either kinesin or 

dynein results in impaired transport in both plus- and minus-end directions [46], indicating that 

motors with opposite directionality directly influences each other. We next tested whether NDEL1 

depletion in hippocampal neurons also affects the bidirectional transport dynamics of axonal car-

goes. First, we examined the effect of NDEL1 knockdown on mitochondria. Neurons were trans-

fected at DIV 4 with NDEL1 shRNAs together with GFP to visualize neuron morphology. Neurons 

were fixed and stained with antibodies against Ankyrin-G and mitochondria marker cytochrome-c 

(cyto-c) (Figure 7A). Depletion of NDEL1 caused a significant increase in cyto-c intensity measured 

in the AIS (Figure 7B), indicating an accumulation of mitochondria in the AIS. Next we used live cell 

imaging to visualize mitochondrial motility in hippocampal neurons. Neurofascin staining was used 

to visualize the AIS and mitochondria were labeled by expressing RFP-mito, a construct expressing 

the Listeria ActA mitochondria-targeting sequence (Figure 7C). Expression of NDEL1 shRNAs result-

ed in a reduction of moving mitochondria in the axon, in both retrograde as anterograde direction 

(Figure 7D). Next, we examined the effect of NDEL1 knockdown on synaptic vesicle protein Rab3. In 

control neurons, Rab3-staining intensity in the AIS is less compared to more proximal axonal regions 

(Figure 7E, F). NDEL1 depletion resulted in a significant increase of Rab3 staining in the AIS (Figure 7E, 

F) and reduced both the anterograde and retrograde movement of Rab3 vesicles (Figure 7G, H). Sim-

ilar results were obtained by overexpression of p150-cc1 (Figure 7G, H). Together these results show 

that perturbation of dynein as well as NDEL1 depletion affects bidirectional transport in the axon.

DISCuSSIon

Selective vesicle transport is essential for neuron developmental and homeostatic processes. In 

this study, we establish an important role for dynein regulator NDEL1 at the AIS in controlling bidi-

rectional transport of axonal vesicles and selective filtering of somatodendritic cargos. We found 

that NDEL1 N-terminus binds to dynein and NDEL1 C-terminus interacts with Ankyrin-G, targeting 

NDEL1 to the AIS in hippocampal neurons. We propose a model in which NDEL1 at the AIS locally 

activates dynein to control bidirectional motility of axonal vesicles and to exclude somatodendritic 

transport cargos from entering the axon.

Anchoring of NDEL1 at the AIS 

NDE1 and NDEL1 are two mammalian homologues of NUDE from Aspergillus nidulans, originally 

identified to interact with NUDF, the Aspergillus homologue of LIS1 [47]. NDEL1 is involved in the reg-

ulation of dynein function and microtubule organization during mitotic cell division and neuronal 

migration [25]. In non-neuronal cells NDEL1 is mainly localized at the centrosome where it is found 

to recruit other centrosomal proteins and to regulate katanin localization and microtubule remod-

eling [48-50]. In young hippocampal neurons NDEL1 is found at the centrosome but also growth 

NDEL1 controls cargo transport at the AIS
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cones and axons [51,52]. Our data demonstrate that NDEL1 localizes to neuronal centrosomes but 

redistributes to the AIS around day 3 in culture. This coincides with the decrease of many other cen-

trosomal components during centrosome inactivation [53]. 

 The AIS is a specialized membrane domain located at the beginning of the axon. It is respon-

sible for the generation of action potentials and highly enriched in ion channels, cytoskeletal and 

scaffolding proteins [54]. More recently it has been demonstrated that depletion of Ankyrin-G in 

neurons leads to AIS disassembly and the appearance of dendritic markers in the proximal axon 

[55,56]. Therefore, the AIS is believed to be critically involved in the regulation of axon-dendrite 

polarity. Studies have shown that lateral mobility of lipids and membrane proteins in the AIS plasma 

membrane is limited, suggesting a surface diffusion barrier [57-59]. In addition, the AIS also main-

tains neuron polarity by functioning as an vesicle filter, controlling intracellular transport [6]. Here 

we show that NDEL1 specifically localizes to the proximal axon via interaction with the cytoskeletal 

scaffold protein Ankyrin-G. Ankyrin-G is the first protein to become concentrated at the proximal 

axon and is required for the enrichment of all other AIS components such as sodium channels, neu-

rofascin and βIV-spectrin [32,60]. Ankyrin-G is also found to link to AIS microtubules via end-binding 

proteins EB1 and EB3 [61]. Multiple Ankyrin-G isoforms exist and while the short isoforms are ubiq-

uitous, the two longest isoforms (270 and 480 kDa) are uniquely found in neurons and concentrate 

at the AIS and nodes of Ranvier [62]. The neuron specific serine-rich and tail domain is important for 

the clustering of Ankyrin-G at the proximal axon and in addition is responsible for the binding to 

NDEL1, suggesting that this interaction has a specific function in the AIS. 

The role of NDEL1 in axonal cargo transport

The microtubule minus-end directed motor dynein has been implicated in retrograde movement 

of axonal cargo but is also involved in anterograde motility [63,64]. Our results demonstrate that 

dynein is required for bidirectional movement and allows axonal cargo to travel further down 

Figure 4. NDEL1 is required for normal axon morphology 

(A) Quantification of NDE1, NDEL1 and LIS1 levels in AIS (NDE1 and NDEL1) or soma (LIS1) of knockdown neurons. Per shR-

NA-construct 9-14 images were measured. (B) Representative AIS images of DIV 7 primary neurons co-expressing β-galacto-

sidase (not shown) and empty pSuper (control), NDE1-shRNA or NDEL1-shRNA for 3 days and stained for endogenous NDE1 

or NDEL1 (red) and Ankyrin-G (green) to highlight the AIS. (C) Hippocampal neurons transfected with GFP and empty pSuper 

or LIS1-shRNA labeled with anti-LIS1 (red). (D, E) Quantification of total axonal length (D) and dendritic length (E) after 3 days 

overexpression of knockdown constructs or empty pSuper as control (8 (axon control) -20 cells were analyzed for each condi-

tion). (F) Representative images of hippocampal neurons (DIV 7) transfected with empty pSuper or NDEL1-shRNAs and β-ga-

lactosidase to visualize morphology. (G) Representative images of AISs of hippocampal neurons (DIV 7) co-transfected with 

empty pSuper, NDEL1-shRNA, LIS1shRNA or HA-p150-CC1 and MARCKS-GFP to visualize morphology. Neurons are labeled 

with anti-Ankyrin-G antibody (red) to highlight the AIS. (H) Quantification of axonal diameter, measured at the AIS (15–20 

cells were analyzed for each condition). (I) Representative images of AISs of hippocampal neurons (DIV 7) co-transfected 

with empty pSuper or NDEL1-shRNA and indicated NDEL1 constructs. MARCKS-RFP was used to visualize morphology. Neu-

rons are labeled with anti-Ankyrin-G antibody (blue) to highlight the AIS. (J) Quantification of axonal diameter, measured 

at the AIS. Data are presented as means ± SEM, **P<0.01.
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the axon. This model is supported by observations in which kinesin or dynein disruption inhibits 

both anterograde and retrograde transport. In Drosophila, mutations in kinesin or dynein affect 

both anterograde and retrograde axonal movement of organelles and lipid drops [40,63,65-67]. 

Similarly, transport of mRNA complexes and peroxisomes was disrupted in both directions after 

dynein or kinesin knockdown in Drosophila S2 cells [68,69]. In cultured mammalian neurons disrup-

tion of dynein or dynactin inhibits both anterograde and retrograde transport of neurofilaments, 

lysosomes, mitochondria and dense core vesicles in the axon [18,64,70,71]. How opposite polarity 

motors regulate and switch their activity to achieve bidirectional transport in the AIS is not clear. 

Multiple motors can bind the same cargo and be activated simultaneously (resulting in a tug-of-

war) or separately by coordinated mechanisms that are so far unknown [72]. In agreement with 

previous studies, we find that disruption of dynein by p150-cc1 inhibits bidirectional movement of 

cargo in the axon. We find similar effects on axonal trafficking of mitochondria and synaptic vesicles 

after depletion of NDEL1. NDEL1 was earlier found to be involved in the modulation of bidirectional 

transport in the squid giant axon [36] and combined LIS1/NDEL1 knockdown completely shut down 

organelle transport in dorsal root ganglia axons [71]. Our data support the role for dynein in the 

bidirectional transport of axonal cargo and in addition we show that NDEL1 plays an essential role in 

this process. Through its AIS specific localization, NDEL1 can locally activate dynein, inducing bidi-

rectional cargo movement in the axon (Figure 8). What is the role of bidirectional transport in axons? 

This process is believed to be the principal determinant of the steady state distribution of axonal 

cargo and is important for the fast redistribution of cargo in response to changes in axonal physiol-

ogy [10,73,74]. Especially in the crowded AIS, bidirectional movement can serve as a “proof-reading” 

mechanism to correct errors if a cargo is delivered to the wrong place but can also be important to 

move around obstacles [46].

The role of NDEL1 in excluding somatodendritic cargos from the AIS

Recently it was shown that vesicles carrying dendritic cargo, such as TfR, enter the initial part of te 

axon. However, once such a vesicle enters the axon, it does not move beyond the AIS but instead 

halts or reverses direction [4]. This nicely supported the role of the AIS as a selective transport filter 

[6]. It was also shown that the interaction with the actin-based motor myosin-Va was necessary and 

sufficient for the halting and reversing of vesicles in the AIS, suggesting that microtubule-based 

motors do not play an important role in the polarized trafficking. We believed that the long-range, 

retrograde microtubule motor dynein could provide for an efficient mechanism to stop and move 

non-axonal cargo back to the soma. We demonstrate that inhibition of dynein indeed causes 

non-axonal cargo to enter the distal axons and show that NDEL1 depletion results in axonal entry 

of the somatodendrite specific TfR. This is not a result of a change in microtubule organization, as 

NDEL1 knockdown did not influence the uniform plus-end-out microtubule orientation. We pro-

pose a model in which NDEL1 in the AIS activates dynein, which is essential for the reversals of 

somatodendritic cargo (Figure 8). After depletion of NDEL1, both bidirectional transport of axonal 

cargo and reversal of somatodendritic cargo are inhibited, resulting in a stall and accumulation of 

vesicles in the axon. Eventually, the accumulation of both somatodendritic and axonal cargo leads 
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to the swelling of the axon (Figure 8). It remains unclear how NDEL1 targets only somatodendritic 

cargo-motor complexes back to the soma. Surely, the axonal vesicles with dynein attached are not 

banned from the axon as dynein is required for bidirectional motility and eventually needed to 

transport distal cargos back to the soma. An additional layer of regulation will certainly play a role in 

selecting the correct dynein-cargo complexes at the AIS. One important clue comes from a recent 

study that reveals that somatodendritic sorting of transmembrane receptors is mediated by recog-

nition of signals, such as by the adaptor protein-1 (AP-1) complexes [75].

NDEL1 regulating dynein activity

Together with its binding partner LIS1, NDEL1 influences many dynein-dependent processes [25]. 

LIS1 was originally identified as the target for mutations causing lissencephaly in humans [76]. Previ-

ous studies have shown that NDEL1 recruits LIS1 to dynein and this in turn facilitates dynein-driven 

motility by strengthening the interaction of dynein with the microtubules [27]. The highly con-

served N-terminus of NDEL1 directly binds to LIS1 and is shown to be critical for dynein activity 

[4,29,77]. This is probably mediated by a dynein IC binding domain within the first 80 amino acids 

of NDEL1 [4,29,30].In agreement with this we find that the first 99 amino acids of the N-terminus 

of NDEL1 bind to dynein IC, indicating that the N-terminus (dimerization and LIS-binding domain) Kuijpers et al., Figure 5

GFP-TFR MAP2

GFP-TFR MAP2

GFP-TFR
MAP2

GFP-TFR
MAP2

co
nt

ro
l

N
D

E
L1

 s
hR

N
A

GFP-TFR MAP2 GFP-TFR
MAP2

p1
50

-c
c1

A

C

B

D

0

0.5

1

1.5

co
nt

ro
l

ND
EL

1 
sh

RN
A

p1
50

-c
c1

TF
R

 in
te

st
ity

 a
xo

n/
de

nd
rit

e * ** **

Figure 5. Effect of NDEL1 knockdown on TfR localization in cultured hippocampal neurons

(A-C) Cultured hippocampal neurons (DIV 10) co-transfected with GFP-TfR and empty pSuper (A), NDEL1-shRNAs (B) or 

HA-p150-cc1. Neurons are stained for antibody against dendrite specific marker MAP2 (red). (D) Quantification of GFP-TfR 

intensity in axons versus dendrites. Eight or 10 cells were analyzed per condition. 

Data are presented as means ± SEM, **P<0.01, ***P<0.001 
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is involved in establishing the NDEL1-LIS1-dynein complex. The C-terminus of NDEL1 was initially 

also thought to be involved in regulating dynein activity by bridging dynein and LIS1, however 

more recently it was shown that NDEL1 C-terminus is not essential for dynein regulation [4,29,30]. 

The NDEL1 C-terminus associates with multiple proteins, such as lamin-β [78], neurofilaments [79], 

Cdc42GAP [80] and focal adhesion-associated paxillin [81] and could therefore function as a link 

between dynein and various cellular functions. In our study we show that the C-terminus of NDEL1 

mediates the interaction with Ankyrin-G in the AIS, providing a possible link between Ankyrin-G 

and the dynein activation function of the NDEL1 N-terminus. In a previous study, the N-terminus of 

NDEL1 containing the binding sites for both LIS1 and dynein was sufficient to replace endogenous 

NDEL1 and NDE1 in a spindle assembly assay in Xenopus egg extract [29]. In another study the 

N-terminus of NDEL1 restored dynein motility following suppression by LIS1 [82]. In our study, a 

similar NDEL1 construct lacking the C-terminal region (Ankyrin-G binding domain) could not rescue 

the NDEL1 depletion phenotype in hippocampal neurons. We therefore believe that recruitment of 

NDEL1 to the AIS is important for its function.

 To efficiently control the activity of motor-cargo complex, a local accumulation of regulatory 

proteins might be useful. Maintaining a local ‘hub’ of regulatory proteins (NDEL1) at the initial part 

of the axon, makes it possible to control the activity of a subset of cargo-motor complexes (the 

ones with dynein attached) at a certain location (the AIS) at the moment vesicles enter the axon. 

At the AIS, NDEL1 can form a stable meshwork, transiently binding and activating dynein-linked 

vesicles (Figure 8). Alternatively, NDEL1 could also be released from the AIS and associate with the 

motile dynein-cargo complex. Regardless of the precise molecular mechanism, our data indicate 

that NDEL1 is required for two processes at the AIS: the reversal of somatodendritic cargo and the 

bidirectional movement of axonal cargo. 

In this study we show that the dynein regulator protein NDEL1 specifically localizes to the AIS and 

established an important role for NDEL1 in selective cargo transport. We propose a model in which 

NDEL1 in the AIS activates dynein, which subsequently can activate opposite polarity motors. Our 

current findings also suggest a role for NDEL1 as axonal gate keeper and provide new insights into 

the vesicle filter function of the AIS. Understanding how motor proteins drive polarized transport is 

important to the understanding of a wide range of neurological diseases [83]. 

MATERIALS AnD METHoDS

Expression constructs and shRNA
The following mammalian expression plasmids have been described previously: protein-biotin ligase BirA [84], 
pGW1-GFP and pβactin-HA-β-galactosidase [85], pSuper vector [86], bio-GFP [87], GFP-TfR [5], GFP-Rab3c [88], 
MARCKS-GFP [89], GFP-tau [90], GFP-MACF43 [91], mito-dsRed and GFP-p150-cc1 [18]. All other constructs were 
created using PCR based strategy. Mouse NDEL1 cDNA (IMAGE clone 2646029) and human NDE1 cDNA (IMAGE 
clone 2820974) were used to create the NDEL1 and NDE1 construct in pEGFP-C2 (Clontech). These constructs 
were used to generate all other NDEL1/NDE1 and NDEL1 truncation constructs and subcloned into HA-tagged 
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GW1, bio-GFP or pEGFP-C2 expression vectors. Mouse LIS1 cDNA was obtained by RT-PCR from total mouse 
brain RNA and subsequently cloned into the bio-GFP vector. Full-length and truncated Ankyrin-G constructs 
were generated by PCR using Ankyrin-G-GFP [92] as template and cloned into HA- and GFP-tagged pGW2-ex-
pression vectors. mRFP-p150-cc1 and HA-p150-cc1 were generated using GFP-p150-cc1 and subcloned into 
pGW2-mRFP or pGW1-HA expression vectors. MARCKS-tagRFP was generated by inserting tagRFP-T (Gift from 
Dr. R. Tsien) into the BamHI and XbaI sites of MARCKS-GFP. The following rat shRNA sequences were used in this 
study: NDEL1-shRNA#1 (5΄-GCTAGGATATCAGCACTAA-3΄), NDEL1-shRNA#2 (5΄-GCAGGTCTCAGTGTTAGAA-3΄), 
LIS1-shRNA#1 (5΄-CAATTAAGGTGTGGGATTA-3΄), LIS1-shRNA#2 (5΄-GAGTTGTGCTGATGACAAG-3΄) and Ankyrin-
G-shRNA (5΄-GAGTTGTGCTGATGACAAG-3΄) were designed based on previously published sequences [38,39,60]. 

Figure 6. NDEL1 is not required for the organization of axonal microtubules 

(A) Images of AISs of hippocampal neurons transfected with GFP or GFP-NDEL1. Neurons are stained with antibodies against 

Ankyrin-G to highlight the AIS (blue, left panel) and dynein light intermediate chain (LIC1/2), p150 or LIS1 (right panel). (B) 

Images of AISs of neurons transfected with empty pSuper or NDEL1-shRNAs and stained with antibodies against Ankyrin-G 

or βIV-spectrin to highlight the AIS (left panel) and dynein light intermediate chain (LIC1/2), p150 or LIS1 (right panel). (C) 

Representative images of neurons transfected with GFP or GFP-p150-cc1 and labeled with anti-NDEL1 antibody. (D) Quan-

tification of the number of EB3 comets in the AIS in control and NDEL1 knockdown situation (10 cells were analyzed for 

each condition). Representative images show AISs of neurons co-transfected with β-galactosidase (not shown) and empty 

pSuper or NDEL1-shRNAs. Neurons were labelled with anti-EB3 antibody and AIS was identified by Ankyrin-G staining (not 

shown). (E) Representative images of AISs of neurons co-expressing GFP and empty pSuper or NDEL1-shRNAs, stained with 

CAMSAP2 (red) and Ankyrin-G (blue). (F) Quantification of the direction of GFP-MT+TIP (GFP-MACF43) comets in the AIS 

of hippocampal neurons expressing empty pSuper or NDEL1-shRNAs. Representative kymographs along axons illustrate 

behavior of GFP-MT+TIP in the AIS.

Kuijpers et al., Figure 6
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Antibodies and reagents
The following antibodies were used for immunocytochemistry: rat-anti-NDEL1 (clones 4-9-C and 5-3-D, gener-
ous gift from H. Arai [93]), mouse-anti-LIS1 (generous gift from O. Reiner [94,95]), rabbit-anti-βIV-spectrin (gen-
erous gift from M. N. Rasband [96]) and rabbit-anti-LIC1/2 (generous gift from R.B. Vallee [97]). The following 
antibodies were obtained from commercial sources: rabbit-anti-pericentrin (Covance), goat-anti-PCM1 (Santa 
Cruz), mouse-anti-tau (Chemicon), mouse-anti-MAP2 (Sigma), mouse-anti-Ankyrin-G (Zymed), mouse-anti-cy-
tochroom c (BD Biosciences), mouse-anti-Rab3 (BD Biosciences), rabbit-anti-tubulin (Covance), mouse-an-
ti-p150 (Santa cruz), rabbit anti-CAMSAP2 (Proteintech), rabbit-anti-HA (Santa Cruz Biotechnology), rat-anti-HA 
(Roche), rabbit-anti-β-galactosidase (MP Biomedicals), chicken-anti-β-galactosidase (Aves lab), Alexa 568 phal-
loidin, Alexa Fluor 405–, Alexa Fluor 488–, Alexa Fluor 598–, Alexa Fluor 594–, and Alexa Fluor 647–conjugated 
secondary antibodies (Invitrogen). The following antibodies were used for Western blot analysis: mouse-an-
ti-p150 (Santa cruz), mouse-anti-IC74 (Santa cruz), rabbit-anti-GFP (Abcam); rabbit-anti-HA (Santa Cruz); mouse-
anti-HA (Covance) and HRP conjugated secondary antibodies (Dako). Nocodazole was obtained from Sigma 
and latrunculin from Bioconnect.

Animals
All animal experiments were performed in compliance with the guidelines for the welfare of experimental ani-
mals issued by the Federal Government of The Netherlands. All animal experiments were approved by the 
Animal Ethical Review Committee (DEC) of Utrecht University

Hippocampal neuron cultures, transfection and immunohistochemistry
Primary hippocampal cultures were prepared from embryonic day 18 (E18) rat brains [85,98]. Cells were plated 
on coverslips coated with poly-L- lysine (35 μg/ml) and laminin (5 μg/ml) at a density of 100,000/well. Hippo-
campal cultures were grown in Neurobasal medium (NB) supplemented with B27, 0.5 mM glutamine, 12.5 μM 
glutamate and penicillin/streptomycin. For latrunculin and nocodazole experiments, 30 μM nocozazole or 10 
μM latrunculin was added to the culture medium 2 hours before fixing.

Figure 7. NDEL1 mediates bidirectional cargo transport in the AIS

(A) Panels show representative images of neurons transfected with empty pSuper or NDEL1-shRNAs and GFP as a fill, fixed 

and stained with mitochondrial marker cytochrome-c (red) and Ankyrin-G as AIS marker (blue).

(B) Quantification of cytochrome-c intensity in the AIS. Seventeen cells were analyzed per condition.

(C, D) Hippocampal neurons were co-transfected with RFP-mito and empty pSuper (control) or NDEL1-shRNAs and live-

cell imaging microscopy was used to visualize mitochondrial motility in the AIS. The AIS was highlighted by neurofascin 

(Nfasc) staining. Arrowheads indicate RFP-mito-labeled mitochondria in a representative AIS and the kymograph shows 

the motility of mitochondria. Quantification of mitochondrial transport in the AIS is shown in (D) Fifteen (control) or 23 

(knockdown) cells were analyzed.

(E) Representative images of neurons transfected with empty pSuper (control) or NDEL1-shRNAs, fixed and stained with anti-

body against Rab3 and βIV-spectrin (not shown). Insets show magnification of the AIS (boxed areas).

(F) Quantification of the intensity of Rab3 staining in the AIS of control neurons and neurons expressing NDEL1-shRNAs. The 

intensity is either normalized to a region just after the AIS (as indicated by βIV-spectrin staining, 31 or 32 cells were analyzed 

for each condition) or to the distal axon (5 or 9 cells were analyzed for each condition).

(G, H) Hippocampal neurons were co-transfected with GFP-Rab3c and empty pSuper (control, n=26), NDEL1-shRNAs (n=33) 

or RFP-p150-cc1 (n=5) and live-cell imaging microscopy was used to visualize synaptic vesicle transport in the AIS. The AIS 

was highlighted by neurofascin (Nfasc) staining. Arrowheads indicate Rab3c-labeled vesicles in a representative AIS. Quan-

tification of Rab3c vesicle transport in the AIS is shown in (H). White, black and grey arrowheads indicate respectively retro-

grade moving, anterograde moving or static cargo. Data are presented as means ± SEM, *P<0.05, **P<0.01. 
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 Hippocampal neurons were transfected using Lipofectamine 2000 (Invitrogen). Briefly, DNA (3.6 μg /well) 
was mixed with 3 μl of Lipofectamine 2000 in 200 μl of NB, incubated for 30 min, and then added to the neurons 
in NB at 37°C in 5% CO2 for 45 min. Next, neurons were washed with NB and transferred in the original medium 
at 37°C in 5% CO2. 
 For immunohistochemistry, neurons were fixed with 4% paraformaldehyde/4% sucrose in PBS, washed 
three times in PBS for 10 min and incubated with the indicated primary antibodies in GDB buffer (0.2% BSA, 0.8 
M NaCl, 0.5% Triton X-100, 30 mM phosphate buffer, pH 7.4) overnight at 4°C. Neurons were then washed three 
times in PBS for 30 min, incubated with secondary antibodies in GDB for 1hr at room temperature and washed 
three times in PBS for 30 min. Slides were mounted using Vectashield mounting medium (Vector laboratories). 
Confocal images were acquired using a LSM700 confocal microscope (Zeiss) with a 20× (dry), 40× or 63× oil 
objective. Imaging settings were kept the same when pictures were compared for fluorescence intensity.

Biotin-streptavidin/GFP pull-down and mass spectrometry
HEK293T cells were cultured in DMEM/Hams-F10 (50/50%) medium containing 10% FCS and 1% penicillin/strep-
tomycin and were transfected using Max Pei (Polysciences). Cells were lysed 24 h later in 20 mm Tris-HCl, pH 8.0, 
150 mm KCl, 1% Triton X-100, and protease inhibitors (Roche). Cell lysates were centrifuged at 13,000 rpm for 
15 min and the supernatants were incubated with Dynabeads M-280 streptavidin (Dynal; Invitrogen) or GFP-
trap magnetic beads (Chromotek) for 30 min. Beads were separated by using a magnet (Dynal; Invitrogen) and 
washed in lysis buffer. Brains were obtained from adult female rats and homogenized in 10x volume/weight in 
the same lysis buffer. Brain lysates were centrifuged at 16,000 g for 15 min at 4ºC and the supernatant was incu-

Figure 8. Graphical abstract
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bated with the Dynabeads containing bio-GFP-constructs for 2 hrs at 4ºC and washed with lysis buffer for three 
times. For protein elution, the beads were boiled in NuPAGE LDS 4 sample buffer (Invitrogen), separated, and 
supernatants were run on a 4-12% NuPAGE Bis-Tris gel (Invitrogen). Gels were stained with the Colloidal Blue 
staining kit (Invitrogen) and mass spectrometry was performed as described previously [84]. Proteins present in 
the negative controls (pull-down assays with bio-GFP alone) were regarded as background.
 For Western blot analysis, samples were eluted in SDS sample buffer, equally loaded onto SDS-PAGE gels 
and subjected to western blotting on polyvinylidene difluoride membrane. Blots were blocked with 5% none-
fat milk and 0.05% Tween 20 in PBS for 1 hour at RT and incubated with primary antibodies at 4°C overnight. 
Blots were washed with 0.05% Tween 20 in PBS three times for 10 min at room temperature and incubated with 
either anti-rabbit or anti-mouse IgG antibody conjugated to horseradish peroxidase (conjugated to horseradish 
peroxidase (HRP; Dako). Blots were developed with enhanced chemiluminescent Western blotting substrate 
(Pierce).

Life cell imaging and photobleaching experiments
Live cell imaging of GFP-MACF43 (GFP-MT+TIP) and GFP-Rab3c was performed on a spinning disk microscope; 
an inverted research microscope Nikon Eclipse Ti-E (Nikon) with perfect focus system (PFS) (Nikon), equipped 
with Plan Apo VC 100x N.A.1.40 oil objective (Nikon), CSU-X1-A1 Spinning Disc (Yokogawa) and Photometrics 
Evolve 512 EMCCD camera (Roper Scientific). 
 Live cell imaging of mitochondria motility was performed on a Nikon Eclipse TE2000E (Nikon) equipped 
with Nikon CFI Apo TIRF 100x 1.49 N.A. oil objective (Nikon), CoolSNAP HQ2 CCD camera (Roper Scientific) and 
incubation chamber (INUG2-ZILCS-H2; Tokai Hit) mounted on a motorized stage (Prior). 
 The FRAP experiments were performed on the Nikon Eclipse TE2000E microscope system using the ILas2 
system (Roper Scientific). Coverslips (24 mm) were mounted in metal rings and maintained at 37°C and 5% CO2. 
A 3x3 µm ROI on the proximal axon was photobleached with high laser power. MetaMorph software was used 
to control the cameras and all motorized parts.

Photobleaching experiments
For quantitative fluorescence recovery after photobleaching (FRAP) experiments, neurons were transfected 
as described before, and imaged on inverted research microscope Nikon Eclipse Ti-E (Nikon) with the perfect 
focus system (PFS) (Nikon), equipped with Nikon CFI Apo TIRF 100x 1.49 N.A. oil objective (Nikon), CoolSNAP 
HQ2 CCD camera (Roper Scientific) and controlled with MetaMorph 7.7 software (Molecular Devices). The FRAP 
experiments were performed using the ILas2 system (Roper Scientific). Coverslips (24 mm) were mounted in 
metal rings and maintained at 37°C and 5% CO2 in a stage top incubator INUBG2E-ZILCS (Tokai Hit). A 3x3 µm 
ROI on the proximal axon was photobleached with high laser power. 

Image analysis and quantification
Confocal images were processed using maximum intensity projections. For all of the analysis background sub-
traction of the image was applied. Image processing, kymographs, and various quantifications were performed 
using ImageJ, MatLab software or SynD [99]. Images were prepared for publication using Adobe Photoshop. 
Statistical analysis was performed using nonparametric Mann–Whitney U test in SPSS software. P<0.05 was 
considered significant.
 Analysis of FRAP experiments. To analyze the recovery of fluorescence, the bleached area was selected and 
background subtracted frame-by-frame by subtracting the intensity of an empty, non-bleached area. Recovery 
R was then calculated as R = (I(t)-I(directly after bleaching))/(I(before bleaching)-I(directly after bleaching), with I 
denoting total intensity. After normalization, the final recovery (Rfinal) for each individual trace was determined 
as the level at the end of the recording. The immobile fraction was then calculated as 1-Rfinal. 
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 Quantification of endogenous antibody staining in neurons. To determine intensities from endogenous stain-
ing in an image (acquired with LSM700 63x objective), ImageJ was used to measure average intensity of signal 
in the cell body, axon or dendrites. To control for background signals we measured the intensity near the axon, 
dendrite or cell body (same ROI size) and subtracted the random fluorescence intensity in these images. Intensi-
ties were averaged over multiple cells and normalized. ImageJ plugin ComDet was used to quantify the number 
of EB3 comets (https://github.com/ekatrukha/ComDet).
 Quantification of synaptic vesicle and mitochondria mobility. Neurons were stained with neurofascin to high-
light the AIS. For mitochondria mobility, 5 minute movies were used to manually quantify the number and 
direction of moving mitochondria. For Rab3c motility, the first 20 frames (5 frames/sec) of each movie were used 
to manually quantify the number and direction of moving vesicles.
 Analysis of morphology. For the morphometric analysis of axon and dendrite morphology, we used β-galac-
tosidase or GFP as an unbiased cell fill. Analysis of neuron morphology was performed using SynD [99].
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Chapter 10

Cells rely on active transport of membranes and proteins for their development, communication 

and survival. Because of their polarized and extended morphologies, intracellular transport is par-

ticularly important for neurons. Accordingly, abnormalities in the function of intracellular traffick-

ing have been implicated in multiple neurodegenerative disorders [1]. Due to the progress in our 

understanding of the molecular mechanisms underlying the regulation and function of transport 

we learned more about the basis of these neurodegenerative disorders. In turn, disease pathology 

can shed light on the mechanisms that control the sorting and delivery of cargo in cells. The three 

first studies of this thesis focus on intracellular transport and sorting abnormalities from the per-

spective of the neurodegenerative disorder amyotrophic lateral sclerosis (ALS). We zoomed in on 

protein aggregation and sorting abnormalities caused by mutations in the ER protein VAPB, which 

are associated with a form of ALS termed ALS8 (chapter 4, 5). We have also studied Golgi fragmen-

tation, a poorly understood neuropathological phenomenon identified in ALS motor neurons, in 

an ALS mouse model (chapter 6). In the second part of this thesis (chapter 7, 8 and 9), we aimed to 

obtain more fundamental insights into the regulation of transport in neurons, zooming in on the 

question how neuronal cargos are sorted between axons and dendrites. In this chapter we will dis-

cuss our findings in the context of three themes 1) the role of protein aggregates in ALS pathogen-

esis, 2) the role of ER-Golgi trafficking abnormalities in ALS pathogenesis; and 3) the role of dynein 

in intracellular transport in neurons.
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10.1 Protein aggregates in ALS

ALS is a neurodegenerative disorder that predominantly afflicts motor neuron resulting in progres-

sive muscle weakness and death within 1-10 years after diagnosis. Although relatively uncommon 

(~ 500 new patients/year in NL), ALS is the third cause of death resulting from a neurodegenerative 

disorder after Alzheimer’s and Parkinson’s disease. ALS is genetically heterogeneous, with muta-

tions in a large variety of genes associated with multiple sometimes very rare subforms of disease 

[2]. Furthermore, there is still little knowledge about the primary disease cause in most non-familiar 

ALS patients, representing the majority of the patients. A central neuropathological feature shared 

by both familial and non-familial cases is the presence of intracellular protein aggregates, with the 

principal constituent of these aggregates being the mutated protein (SOD1 in SOD1-ALS, FUS in 

FUS-ALS, TDP-43 in TDP-43) or TDP-43 [2-4]. These data indicate that as in many other neurode-

generative disorders, protein aggregation is a central pathogenic event in ALS [5]. Aggregates in 

ALS patients may occur in multiple cell types beyond motor neurons, can accumulate into differ-

ent light-microscopic structures such as Lewy body-like inclusions, skein-like inclusions and Bun-

ina bodies [3], and may have prion-like nucleation and seeding properties that could explain the 

slow onset, progressive time course of the disease as well as the propagation of disease along inter-

connected populations of neurons [6]. Sometimes aggregates can be linked to other intracellular 

abnormalities, like Golgi fragmentation (chapter 6; [3]). However, inclusions formed by aggregates 

are not necessarily toxic but rather represent protective structures such as aggresomes that may 

scavenge excess of cytosolic aggregation-prone protein [7]. Interestingly, mutations in several 

factors involved in protein quality control and degradation pathways, including VCP, optineurin, 

ubiquilin-2 and p62 sequestrin, are also linked to ALS subforms, and these proteins, in particular 

p62 and ubiquilin-1 are usually present in ALS protein aggregates [3,8]. VCP is known for its roles in 

autophagy and ER associated degradation pathways, p62 and optineurin have been show to func-

tion in autophagy [9-13] and ubiquilin-2 plays a role in the ubiquitin-proteasome (UPS) pathways 

[14]. Together, these data point to important roles for the interplay between protein misfolding 

and aggregation on the one hand and protein quality control pathways on the other hand. Further 

insight in the different arms of the protein quality control machinery including chaperones such as 

HSP90 and HSP70 that can detect the misfolded proteins and suppress aggregation [15], degrada-

tion pathways such as the UPS and autophagy pathways, and protective storage compartments 

such as aggresomes [16-18], may open new therapeutic avenues for the treatment of ALS.

Mutant VAPB accumulate in atypical inclusions related to ER associated degradation pathway

In chapter 4 and 5 we focus on VAPB, a small tail-anchored ER membrane protein that is mutated 

in a rare ALS-like motor neuron disorder termed ALS8. ALS8-mutant VAPB shows a high propensity 

to cluster, forming peculiar inclusions that contain ER-like membranous profiles. Using transgenic 

mice in chapter 5 we show that these VAPB inclusions are not neurotoxic, but rather may represent 

protective structures associated with ER associated degradation (ERAD). Detection and degradation 

of misfolded proteins in the ER lumen or membrane is more complex than that of cytosolic proteins, 
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because misfolded domain may be in the ER lumen or membrane and hence cannot be reached by 

the polyubiquitination pathway. In addition the protein has to be pulled out of the ER to reach the 

proteasome degradation complex. The ERAD is subdivided in at least three subpathways depend-

ing on the position of the misfolded domain: ERAD-L recruits membrane proteins with misfolded 

ER-luminal domains, the ERAD-M recruits proteins with misfolded intramembrane domains and 

membrane proteins with misfolded cytosolic domains use the ERAD-C pathway [19]. These three 

pathways use different E3 ubiquitin ligase complexes to tag misfolded proteins, but once the mis-

folded proteins are polyubiquinated, all ERAD subpathways require VCP (Valosin-containing pro-

tein, p97, cdc48 in yeast), which provides mechanical force for extracting substrate from the ER for 

delivery to the proteasome [19]. Several ER-associated E3 ligases have been assigned to ERAD, such 

as HRD1, Doa10p, RNF185 and Teb4, however their substrate specificities and how they interact with 

VCP remains largely undefined in mammalian cells [20].

 We show that the VAPB inclusions are strongly immunoreactive for ubiquitin, VCP, and oth-

er proteins that may play a role in the ERAD pathway. In addition, we show that inclusion forma-

tion is impaired after downregulation of Teb4, which may prevent mutant VAPB from entering the 

ERAD pathway, and that inclusions become larger when the last step of ERAD, the proteasome, is 

inhibited. Together, the data suggest that the VAPB inclusions are equivalent to an ER compartment 

termed ERAC (ER associated compartment) identified in yeast following overexpression of a multis-

panning membrane ERAD-C substrate that prevented the mutated protein from entering the secre-

tory pathway. We also show that the VAPB inclusions differ from an ER protective organelle termed 

ERPO that forms in the presence of high levels of ERAD-L substrate. Together the data indicate that 

neurons have the ability to form specialized protective ER compartments in conditions of ERAD 

overload, that different compartments may be linked to different ERAD subpathways, and these 

different ERAD compartments can form in parallel at the same time. 

Other “ERPO-like” ER subcompartments that sequester specific membrane proteins have been 

identified in yeast and mammalian cell [21-28]. Studies showed that human cystic fibrosis trans-

membrane conductance regulator (CFTR) is sequestered into specific ER subdomains called ER-as-

sociated compartments (ERACs) in yeast and that this is mediated by the COPII machinery [29]. 

Further studies are needed to identify the machinery that underly the formation of the VAPB inclu-

sions, their relationship to ERAD-C pathways and the interactions between different mechanisms 

used by neurons to cope with damaged or aggregated proteins in the ER. First, it would be inter-

esting to know how the formation of mutant VAPB inclusions interacts with ER stress and unfolded 

protein response pathways. Our data so far indicate that mutant VAPB overexpression has no effect 

on readouts of the unfolded protein response, but other studies suggest an interaction between 

mutant VAPB and ER stress [30]. Second, it would be interesting to find out if other ERAD-C sub-

strates accumulate in mutant VAPB inclusions in case of overexpression. As a first step we show 

that mutant VAPB with a different transmembrane domain also accumulates in the mutant VAPB 

inclusions. Third, we propose that proteomic analysis of mutant VAPB aggregates may uncover new 

players of the ERAD machinery in neurons. Together the data indicate that mutant VAPB is a power-

ful reagent for studying ER protein quality control pathways. 

Chapter 10
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 Our data reported in chapter 5 do not resolve the question how VAPB mutations cause ALS 

and whether an aggregation mechanism is involved. Multiple mechanisms underlying mutant VAPB 

induced neurodegeneration have been proposed. There are multiple lines of evidence supporting 

the idea that mutant VAPB is a loss-of-function mutation caused by a dominant negative effect. 

Wildtype VAP proteins have been shown to be recruited to mutant VAPB aggregates [31] and several 

mutant phenotypes have been associated with loss-of-function effects ([32-36], chapter 4). Deple-

tion of VAPB in worms, zebrafish and mice however, induce a relatively mild phenotype [37,38] 

suggesting that loss of VAPB itself is not enough to trigger an ALS-like phenotype. Other than the 

formation of aggregates, the direct effect of mutation on VAPB activity is not clear. One possibility is 

that the P56S mutation affects VAPB activity by disrupting its normal function. Studies have shown 

that the MSP domain of VAPB can be secreted and function as a ligand for Eph receptors. The VAPB 

protein with P56S mutation however cannot be cleaved and secreted. This results in the block of 

Eph receptor signaling, possibly due to aberrant VAPB trafficking [36]. Other studies suggest that 

mutant VAPB gains novel functions. In vitro studies showing that VAPB-P56S can specifically interact 

with membranes led to the hypothesis that mutant VAPB has a unique ability to remodel ER struc-

ture [30]. A gain-of-function for mutant VAPB was also recently described in a Drosophila model. 

Expression of wildtype VAPB resulted in phenotypes that closely mirror major hallmarks of ALS such 

as protein aggregation and neurodegeneration, indicating that increasing the levels and/or activity 

of VAPB may also be detrimental [39]. These studies indicate that perhaps VAPB-P56S is both a gain-

and loss-of-function mutation. 

10.2 Secretory and intracellular transport abnormalities in ALS

ER-Golgi pathway

In ALS, transport pathways are affected at different levels and display a diversity of pathological 

events such as ER and Golgi abnormalities ([40,41], chapter 6)), dynein dysfunction [42-44] and 

abnormal vesicle/axonal transport [1,8,45]. The ER-Golgi transport pathway is likely to be involved 

in all these events. In chapter 4 we identified ALS8 protein VAPB together with its binding part-

ner YIF1A as ER-Golgi trafficking components. We show that VAPB-P56S aggregations leads to the 

mislocalization of YIF1A and we propose that this could contribute to pathological mechanisms 

observed in ALS. Recently, other papers have been published examining the possibility that ER-Gol-

gi trafficking is disrupted in ALS, linking ER-Golgi transport dysfunction to neurodegeneration. ALS-

linked SOD1 mutation inhibits secretory protein transport from the ER to Golgi, preceding Golgi 

fragmentation, ER stress and cell death [46,47]. Because SOD1 is not detected in the ER or Golgi, it 

most likely acts in the ER-Golgi pathway as a soluble cytoplasmic protein and it is hypothesized that 

mutant SOD1 inhibits COPII vesicle budding from the ER [46]. Besides VAPB and SOD1, other ALS-as-

sociated proteins such as optineurin and VCP are directly linked to ER-Golgi transport [48,49]. The 

most common familial forms of ALS are associated with a non-coding repeat expansion in C9ORF72 

[50,51]. The function of C9ORF72 is now believed to regulate membrane traffic by functioning as a 

General Discussion

ORDER_CWP_MARIJNKUIJPERS_THESIS.indd   209 22-04-14   22:53



210

Rab-GEF [52]. Furthermore, multiple mouse models with motor phenotypes are described to have 

impaired ER-Golgi trafficking [53,54]. Also, mice with a deletion of Scy1, implicated in COPI trans-

port, suffer from an progressive motor neuron disorder [55]. In addition, Golgi fragmentation in 

motor neurons found in sALS and fALS patients and mouse models (chapter 6, [56-59]) could well 

be a consequence of disrupted ER-Golgi transport. Thus, disruption of ER-Golgi transport may be a 

general cause of ALS.

Dynein-dynactin in ALS

Besides specific defects in ER-Golgi trafficking, other abnormalities in transport machinery are also 

associated with ALS, including dysfunction of the molecular motors dynein and kinesin. Decreased 

levels of kinesin-related proteins, KIF1Bβ and KIF3Aβ, have been observed in ALS patients [60] and 

reduction of kinesin associated protein 3 is linked to increased survival in ALS [61]. Only few degen-

erative disorders are directly linked to kinesin, probably because of the functional redundancy of 

kinesins [62,63]. In contrast, many neurodegenerative disorders have been linked to dynein or dyn-

actin mutations. In ALS, dynein-mediated retrograde axonal transport is affected [64] and muta-

tions in dynactin have been reported in ALS patients [65]. Dynactin deficiency was found in sALS 
+
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Figure 1. Multiple roles for cytoplasmic dynein in the neuron

This model shows the roles of dynein in neurons that are discussed in chapter 10.3. In mature neurons, microtubules have a 

mixed orientation in the dendrites and are oriented in a uniform way in the axon. Dynein roles from left to right: targeting 

cargo selectively to dendrites; cargo reversals at the beginning of the axon; bidirectional transport; retrograde axonal trans-

port; retrograde transport initiation at the microtubule plus-end (recruitment of dynactin to the plus end results in binding 

of the dynein motor (1) that initiates retrograde transport (2)); generating pulling forces by anchored dynein.
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patients and ALS mouse models [66]. Also, in multiple mouse models, inhibition of dynein results 

in ALS-like pathology [8,67-70]. How exactly these mutations in the dynein machinery result in neu-

rodegenerative disease is unknown. Neurodegeneration can be triggered by defects in retrograde 

transport [71] but dynein is also implicated in other processes such as autophagic clearance of mis-

folded proteins [72,73]. Interestingly, transport of secretory proteins between the ER and Golgi is 

also mediated by dynein, and dynein dysfunction leads to fragmentation of the Golgi ([57] chapter 

6). In conclusion, there is increasing evidence that transport defects play important roles in the eti-

ology of ALS.

10.3 Multiple roles for cytoplasmic dynein in neurons

Motor proteins play an essential role in neuronal functioning by transporting cargo such as neu-

rotransmitter and receptors within axon, dendrites, and synapses. Cytoplasmic dynein is responsi-

ble for the minus-end-directed movement of a wide range of cargoes along the microtubule. The 

most obvious role for dynein in neurons is to transport cargo in the axon, along the uniformly plus-

end-out oriented microtubules towards the cell body [74], Figure 1). Indeed, initial work on dynein 

primarily focused on retrograde axonal transport and axonal phenotypes [68,69,75,76]. Dynein also 

has been shown to play a role in determining the microtubule polarity in axons, possibly by trans-

porting or stabilizing microtubules in axon [77,78]. In this paragraph we discuss what else is known 

about the cellular functions of dynein in neurons (Figure 1).

Role of dynein in dendritic targeting

Like axons, dendrites can be very long and branched and therefore must possess active transport 

mechanisms to deliver molecules from the cell body to the right location. Some cargos are more or 

less equally distributed between axons and dendrites, for example cytoskeletal components and 

organelles such as mitochondria. However, some cargos, such as AMPA receptors, NMDA receptors 

and transferrin receptors (TfR), have to be selectively targeted to the dendrites. For some time, kine-

sins have been regarded as key regulators of polarized transport. It was shown that some kinesin-car-

go complexes were able to penetrate the actin-based barrier at the beginning of the axon. Kinesin 

complexes with reduced efficacy however, could not enter the axon or were actively returned. It 

was believed that those kinesin-cargo complexes that did not enter the axon automatically entered 

the dendrites [79,80], this forming the basis of polarized transport. More recent findings however, 

show that dynein actually is required for polarized cargo distribution by actively targeting cargo 

towards dendrites. One of the simpler model systems to study polarized axon-dendrite transport 

is Drosophila. In Drosophila, axonal microtubules are oriented with their plus end outwards, similar 

to mammalian cells. However, not that long ago it was discovered that microtubules in the dendrite 

have a uniform minus-end-out polarity, in contrast to the mixed polarity seen in mammalian den-

drites [81]. This discovery led to a simple model of polarized transport, in which kinesins are respon-

sible for transport into axons and minus end-directed motor dynein is responsible for transport into 

General Discussion
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dendrites. In Drosophila neurons, inhibition of dynein indeed strongly affected dendrite morpholo-

gy [82]. Also, dynein inhibition reduced targeting of cargos such as endosomes and mitochondria to 

dendrites, while axonal targeting was not affected [78,83]. Other cargos lost their dendrite-specific 

localization and entered the axon [78,84]. In chapter 7 we showed that also in mammalian cells with 

mixed microtubule orientation, dynein plays a key role in targeting cargo selectively to dendrites. 

AMPA receptor, normally selectively present in dendrites, localized to axons in cells where dynein is 

inhibited. In summary, the mixed microtubule orientation in dendrites governs the use of dynein in 

dendritic targeting. In the past, dynein inhibition was often linked to axonal phenotypes, possibly 

overlooking the function of dynein in dendrites. Mutation of dynein heavy chain in mice (Loa mouse 

=”legs at odd angles”) was initially reported to lead to motor neuron degeneration by affecting 

retrograde axonal transport [68]. New studies however indicate that these mice also show dendritic 

abnormalities [85]. 

Role of dynein in bidirectional transport

It would appear that the primary role of motors is to move cargo as fast as possible by unidirec-

tional transport. However, many cargoes driven by microtubule based motors are found to move 

bidirectionally [86,87]. There are multiple reasons why bidirectional movement in neurons would 

be beneficial. First, bidirectional movement is likely to the principal determinant of the steady state 

distribution of cargo, supporting a stable density of vesicles in both dendrites (chapter 7) and axons. 

Second, bidirectional movement in the axon is important for the fast redistribution of cargo in 

response to changes in axonal physiology [87]. Third, bidirectional movement helps to move cargo 

around obstacles and fourth, can serve as a “proof-reading” mechanism to correct errors if a cargo 

is delivered to the wrong place [88,89]. In the dendrite, bidirectionality can be the consequence of 

the mixed orientation of microtubules. In axons however, cargo bidirectionality has to be achieved 

by the attachment of opposite polarity motors. Indeed, we know that multiple motors can bind to 

the same cargo at the same time [90]. These motors can be activated simultaneously (resulting in a 

tug-of-war) or separately by coordinated mechanisms that are so far unknown [86].

 There is a considerable amount of data showing that disruption of dynein inhibits bidirectional 

transport in the axon. In Drosophila, mutations in dynein or dynactin affect both anterograde and 

retrograde axonal movement of organelles and lipid drops [91-94]. Similarly, transport of mRNA 

complexes and peroxisomes was disrupted in both directions after dynein knockdown in Drosoph-

ila S2 cells [95,96]. In cultured mammalian neurons disruption of dynein inhibits both anterograde 

and retrograde transport of neurofilaments, lysosomes, mitochondria and dense core vesicles in 

the axon [97-100]. In chapter 9 we also described that inhibiting dynein activation by NDEL1 deple-

tion results in the decrease of bidirectional movement of synaptic vesicle and mitochondria. The 

fact that impairment of the minus-end dynein motor also causes suppression of plus-end motility 

suggests that dyneins and kinesins do not only function independently but that motor activities are 

somehow coordinated. What kind of regulatory factors are required to maintain long directional 

runs or in contrast induce bidirectionality, are not known. Adaptor protein dynactin and dynein 

intermediate chain not only interact with dynein but also with several kinesins [101,102]. Further 
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studies are needed to determine if motor adaptors can facilitate crosstalk between opposite-polar-

ity motors. Some findings suggest that the mechanical pulling of kinesins and dynein against each 

other is already enough to activate opposing motor activity [103]. Other factors, such as adaptor 

proteins may also be involved to modulate the binding and unbinding of motors or to control activ-

ity of motors that are already attached. 

Role of dynein in cargo reversals at the beginning of the axon 

Recently it was shown that vesicles carrying dendritic cargo, such as TfR, also enter the axon. How-

ever, once such a vesicle enters the axon, it does not move beyond the AIS but instead halts or 

reverses direction [104]. In contrast, vesicles carrying axonal proteins move efficiently through the 

AIS. These observations nicely supported the role of the AIS as a selective transport filter (discussed 

in chapter 9). In the same study it was shown that interaction with the actin-based motor myosin-Va 

was necessary and sufficient for the halting and reversing of vesicles in the AIS, suggesting that 

microtubule-based motors do not play an important role in the polarized trafficking. Other studies 

have indeed shown that myosin-V is able to slow down and stall cargo transported by microtu-

bule-based motors [104-106]. However, efficient reversal of wrongly targeted dendritic cargo by 

myosin seems an inefficient approach since myosin-V is an ineffective long-range transporter.

 Also, as these vesicles are likely carried by kinesin motors, reversal by myosin motor would 

imply switching between different cytoskeleton tracks. To send “wrongly” targeted dendritic car-

go back to the soma, using long-range microtubule motors seem more effective. In chapter 9 we 

propose a new role for dynein in the selective reversal of dendritic cargo in the AIS. We show that 

inhibition of dynein causes dendrite specific TfR to enter the distal axons. In addition, we show that 

dynein regulator NDEL1 specifically localizes to the AIS. This led to a model in which NDEL1 in the 

AIS activates dynein and is responsible for the reversal of dendrite specific cargo. Live cell imaging 

experiments need be performed to look at the reversal behavior of dendritic cargo in the AIS of 

wildtype neurons and dynein/NDEL1 depleted neurons in order to strengthen this model.

Dynein-dynactin at the microtubule plus-end

Dynactin is a protein complex essential for dynein motor function; it enhances dynein processivi-

ty and mediates cargo interactions ([107], chapter 3). The p150Glued subunit of dynactin interacts 

directly to dynein but also independently binds to microtubules and microtubule plus-end binding 

proteins. This interaction is mediated by the CAP-Gly domain of p150Glued [108]. Although the CAP-

Gly domain was found to be dispensable for vesicular transport [95,109-111] it serves an important 

function as initiator of retrograde transport in distal axons/synaptic terminus [112-114]. At the distal 

axon there is an enrichment of dynamic microtubules. End-binding proteins EB1 and EB3 interact 

with these microtubules, which eventually leads to the recruitment and enrichment of dynactin. At 

the distal axon, dynactin directly binds cargos such as endosomes. This is followed by the binding 

of the dynein motor that in turn facilitates the formation of a motile motor-cargo complex allowing 

for efficient retrograde transport initiation [114].

General Discussion
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Dynein at the membrane

Dynein is primarily known as a microtubule motor for organelle or vesicle transport. However, 

dynein can also be associated with the cell cortex where it serves as a link between the cortex and 

the microtubule cytoskeleton [115,116]. Cortical dynein has been indicated to play a role in multi-

ple processes such as mitotic spindle orientation [117], cell motility and the spatial organization of 

microtubule-dependent cell structures such as the centrosome and nucleus [115]. Dynein also can 

serve as link between microtubules and other cellular structures, such as the nucleus or the Golgi. 

Dynein is recruited to the Golgi membrane where it plays a role in the positioning of the Golgi [118]. 

In neurons, Golgi positioning possibly determines the location of dendrites and axons (see chap-

ter 1). Dynein complexes that are anchored to the surface of the nucleus slide on microtubules in 

the direction of the centrosome, situated in front of the nucleus. This creates a force that pulls the 

nucleus towards the centrosome, a process involved in cellular migration. In neurons, besides being 

involved in neuronal migration (chapter 2), anchored dynein is proposed to play a role in various 

other processes such as axon growth [119], growth cone turning [120,121] and neurite formation 

[122]. Moreover, dynein has been shown to be involved in the organization of the uniform micro-

tubules in axons [78]. One of the models suggests that dynein binds to the axonal cortex where it 

could drive microtubule movement toward the axon tip by generating minus-end directed forces 

[119]. A similar force-generating mechanism might participate in neurite initiation. In developing 

neurons, microtubule bundles form at the cell periphery and are pushed outward by dynein pro-

viding force that initiates neurite formation [122]. In axonal growth cones dynein accumulates at the 

cortex were dynein attaches to microtubules. This allows microtubules to resist retrograde actin 

flow and advance into the peripheral region of the growth cone, permitting rapid axonal growth 

[120]. Taken together, many studies suggest that cytoplasmic dynein is involved in many different 

processes during neuronal development and homeostasis.

Chapter 10
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Concluding remarks

This thesis has focused on the trafficking of membrane and proteins in neurons. We described 1) 

transport defects in ALS and 2) new regulatory mechanisms of cargo transport in neurons. We 

show that ALS protein VAPB has an important role in the neuronal early secretory pathway and 

that mutant aggregate formation depends on the ERAD, this providing us with potential new ther-

apeutic targets. To get a more complete understanding of aggregation and trafficking defects in 

disease pathology, the development of new ALS model systems is essential. Recent developments 

in human stem cell research and genome editing approaches provide us with new possibilities to 

study ALS in a more reliable and more efficient model system [123-126]. In the future new in vivo 

imaging techniques might develop that give us the opportunity to study trafficking and aggregate 

formation in live animals.

 The hippocampal neuron culture models gave us the opportunity to study the basic trafficking 

mechanisms of neuronal cargo. In this thesis we described two novel roles for dynein in the trans-

port of dendritic cargo in mammalian neurons; targeting of dendrites and cargo reversal in the axon 

(Figure 1). However, lots of work remains to be done to fully understand the trafficking machinery in 

neurons. Dynein is an extremely complex motor and much of its regulation and cargo binding prop-

erties are therefore still a mystery. The multiple dynein subunits possibly provide the dynein motor 

with a variation of interaction sites with cargos and adaptor proteins. A more detailed description 

of the dynein subunit structures and function will provide better insights and might lead to the dis-

covery of new functions of dynein. In addition, new methods to control intracellular transport, such 

as light-sensitive heterodimerization systems [127-129] will allow us to manipulate transport with 

greater precision and help us understand transport processes in different cellular compartments 

and organelles.

General Discussion
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SuMMARY

The human body is composed of trillions of cells that perform many important tasks; from defend-

ing our body from germs to contracting our muscles for movement. A cell is divided into different 

compartments and organelles, which enables the cell to create specialized environments for spe-

cific functions. To create these multiple functionalities, organelles need a unique composition of 

proteins and lipids. By actively controlling the trafficking of proteins and membrane lipids, the func-

tion of these organelles can be maintained and proteins get to their appropriate location. Because 

of their polarized and extended morphologies, intracellular transport is particularly important for 

neurons. Accordingly, abnormalities in the function of intracellular trafficking have been implicated 

in multiple neurodegenerative disorders.

The work presented in this thesis focusses on Amyotrophic Lateral Sclerosis (ALS), a neurodegener-

ative disease characterized by the degeneration of motor neurons, leading to paralysis and patient 

death. Mutations in the VAMP-Associated Protein B (VAPB) have been identified in patients with 

ALS. VAPB proteins are located in the endoplasmic reticulum (ER), an organelle important for the 

proper folding of proteins. VAP proteins (VAPA and VAPB) have been implicated in a variety of pro-

cesses and, given that they localize to one of the secretory organelles, it is not surprising that many 

of the proposed functions involve regulation of the secretory machinery. First, we studied the role 

of VAPB in the secretory pathway in neurons. We identified a new VAPB binding partner, YIF1A, 

a protein present in ER-Golgi intermediate compartments (ERGIC) and show that VAPB and YIF1A 

are required for intracellular membrane trafficking into dendrites. Aggregation of the ALS mutant 

VAPB leads to the mislocalization of YIF1A and we propose that this could contribute to the patho-

logical mechanisms observed in ALS. Second, we used transgenic mice to show that these VAPB 

aggregates are not neurotoxic, but rather may represent protective structures associated with ER 

associated degradation (ERAD). Third, we studied Golgi fragmentation, a poorly understood neu-

ropathological phenomenon identified in ALS motor neurons. Fragmentation of the Golgi is a very 

early event in ALS and is associated with altered organization of intracellular trafficking.

The second series of studies were aimed to obtain more fundamental insights into the regulation of 

transport in neurons, zooming in on the question how neuronal cargos are sorted between axons 

and dendrites. Using a trafficking assay in hippocampal neurons to selectively probe specific motor 

protein activity we found that dynein motors drive cargo, such as AMPA receptors, selectively into 

dendrites governed by their mixed microtubules. Another level of regulation is exerted by adap-

tor proteins, such as TRAK1 and 2, which link mitochondria to different microtubule-based motors. 

TRAK1 steers mitochondria into axons while TRAK2 is needed for dendritic targeting. Finally, we 

studied the role of dynein in axonal transport by investigating NDEL1, a protein involved in the 

regulation of dynein. NDEL1 specifically localizes to the first part of the axon, called the axon initial 

segment (AIS). We propose a model in which NDEL1 controls dynein activity at the AIS and facilitates 

the reversal of somatodendritic transport cargos.
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Taken together, in this thesis we describe protein aggregation and sorting abnormalities caused by 

mutations in the ER protein VAPB, which are associated with ALS. We also describe two novel roles 

for dynein in the transport of dendritic cargo in mammalian neurons; targeting of dendrites and 

cargo reversal in the axon. 
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SAMEnVATTInG

Ons lichaam is opgebouwd uit miljarden cellen die allerlei functies vervullen; van het verwerken 

van voedsel tot het beschermen van ons lichaam. Binnen in een cel vinden allerlei processen plaats 

die ervoor zorgen dat de cel goed functioneert. Zo is de cel opgebouwd uit meerdere onderdelen 

(organellen) die elk een eigen vorm en functie hebben. Het endoplasmatisch reticulum (ER) zorgt 

bijvoorbeeld voor de productie van eiwitten; de bouwstenen van de cel. Ook zorgt het ER voor 

het verzamelen van eiwitten die naar een andere plek in de cel vervoerd moeten worden. Eiwitten 

met een andere bestemming worden hier verpakt in zogenaamde transportblaasjes (vesicles). Het 

transport van deze blaasjes gebeurd door speciale eiwitten, motoreiwitten, die zich voortbewegen 

over dunne buisjes (microtubuli) in de cel en ervoor zorgen dat hun vracht op de juiste plek in de cel 

terecht komt. Het Golgi-apparaat ontvangt eiwitten vanuit het ER waar ze verder worden bewerkt, 

gesorteerd en opgeslagen. Vanuit het Golgi-apparaat kunnen eiwitten ook weer verder vervoerd 

worden tot ze op de juiste plek zijn aanbeland.

Zenuwcellen zijn sterk afhankelijk van transportprocessen, omdat deze cellen complex en erg groot 

zijn. Zenuwcellen vervullen gespecialiseerde taken, zoals het aansturen van spieren of het opslaan 

van informatie, zoals herinneringen. Via lange uitlopers, axonen en dendrieten, kunnen zenuwcel-

len met elkaar communiceren. Eiwitten, voornamelijk geproduceerd in het cellichaam (centrum) 

van de zenuwcel, moeten daarom soms grote afstanden afleggen om hun uiteindelijke bestem-

ming te bereiken. Een gebrekkig transport kan leiden tot het ophopen van eiwitten, het afsterven 

van zenuwcellen en het ontstaan van neurodegeneratieve aandoeningen zoals Alzheimer of Amyo-

trofische Laterale Sclerose (ALS).

In dit proefschrift bestuderen wij de bijdrage van verstoringen in transport aan het ontstaan van 

de ziekte ALS. Bij deze ziekte leidt het afsterven van de zenuwcellen die de spieren aansturen, de 

motorneuronen, tot progressieve spierverlamming en het overlijden van de patiënt vaak binnen 3 

jaar na diagnose. Een mutatie in VAPB veroorzaakt de ziekte bij een klein deel van de ALS patiën-

ten. VAPB is een eiwit dat in het membraan van het ER zit. Wij beschrijven dat VAPB een interactie 

aangaat met YIF1A, een eiwit dat in zenuwcellen aanwezig is op transportblaasjes die zich bevin-

den tussen het ER en het Golgi-apparaat. Onze experimenten tonen aan dat zowel YIF1A als VAPB 

belangrijk zijn voor het transport van essentiële cel componenten naar de dendrieten van zenuw-

cellen. We laten ook zien dat de ALS-mutatie in VAPB leidt tot de ophoping van VAPB en YIF1A in 

zenuwcellen en veronderstellen dat dit bijdraagt aan de ALS pathologie. Vervolgens hebben wij 

gevonden dat de ophoping van mutant VAPB plaatsvindt in speciale, beschermende, ER compar-

timenten. In een ander onderzoek kijken we naar fragmentatie van het Golgi-apparaat, een vroeg 

kenmerk van ALS. Golgi fragmentatie lijkt vooraf te gaan aan de ophoping van eiwit en zenuwcellen 

met Golgi fragmentatie hebben een stoornis in transport. 
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In de volgende serie onderzoeken die worden beschreven in dit proefschrift richten we ons op de 

vraag hoe eiwitten in zenuwcellen worden gesorteerd. Bepaalde eiwitten zijn uitsluitend nodig 

in het axon, of alleen in de dendrieten. Andere eiwitten en componenten zijn juist weer overal 

in de zenuwcel vereist. Door te kijken naar transport in levende zenuwcellen vonden we dat het 

motoreiwit dyneïne een belangrijke rol speelt in het sorteren van eiwitten naar de dendrieten van 

zenuwcellen. Een andere factor die bepaald waar eiwitten en andere componenten naartoe wor-

den gebracht is de aanwezigheid van adapter eiwitten, dit zijn eiwitten die vrachten koppelen aan 

de verschillende motoreiwitten. We laten zien dat het transport van mitochondriën, de energiecen-

trales van de cel, wordt gereguleerd door adapter eiwitten TRAK1 en TRAK2. Als laatste bestuderen 

we de rol van dyneïne in het transport van blaasjes in het axon. Een dyneïne geassocieerd eiwit, 

NDEL1, is in verhoogde concentraties aanwezig aan het begin van het axon. Wij stellen een model 

voor waarbij de aanwezigheid van NDEL1 leidt tot een lokale activatie van dyneïne en zorgt voor het 

omkeren van dendritische transportblaasjes naar het cellichaam.

Kort samengevat, in dit proefschrift bestuderen we het transport van eiwitten en andere compo-

nenten in zenuwcellen. We beschrijven nieuwe functies van het motoreiwit dyneïne en laten zien 

dat transport processen een belangrijke rol spelen in de pathogenese van ALS.
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Het dankwoord is misschien wel het belangrijkste, en in ieder geval het meest gelezen, onderdeel 

van het proefschrift. En dat is terecht, want, ook al staat alleen mijn naam op de voorkant van dit 

boekje, zonder de hulp van velen was dit niet gelukt. De afgelopen jaren heb ik, eerst bij Neurowe-

tenschappen in Rotterdam en daarna bij Celbiologie in Utrecht, een geweldige tijd gehad. Zes jaar 

zijn echt voorbij gevlogen. Met het schrijven van dit dankwoord sluit ik als het ware een periode af. 

Een periode waarin ik ontzettend veel geleerd heb van alle mensen om mij heen en waarin ik ook 

veel plezier heb gehad. Het boekje is nu af en het uiteindelijke doel, de promotie, komt nu ineens 

erg dichtbij. Een bijzonder gevoel. Bij dezen wil ik iedereen bedanken die mij hebben geholpen 

dit doel te bereiken, die mij iets hebben geleerd, die mij aan het lachen hebben gemaakt of die er 

gewoon voor mij waren. Een aantal mensen wil ik hier in het bijzonder noemen. 

Mijn grootste dank gaat uit naar mijn promotor Casper Hoogenraad en copromotor Dick Jaarsma. 

Zes jaar geleden kwam ik solliciteren bij jullie samen in Rotterdam, ik weet het nog als de dag van 

gisteren. Het sollicitatie gesprek was, achteraf gezien, een prachtige voorbode van hoe onze meet-

ings, die we in de toekomst zouden hebben, eruit zouden gaan zien.

  Casper, we hebben bijna zes jaar samengewerkt en ik denk dat er weinig mensen zijn waarvan 

ik zoveel geleerd heb. Van het ontwerpen van een wetenschappelijk experiment, het interpreteren 

van de resultaten tot het schrijven van papers. Je hebt mij de gelegenheid gegeven om mij te ont-

wikkelen tot de onderzoeker die ik nu ben. Toen ik net begon had je nog een, relatief, kleine groep. 

We zaten in een klein labje met een directe deur naar jouw kantoor. Je had helemaal in het begin 

zelfs nog een eigen bench met pipetten en ik geloof dat ik de laatste AIO ben die je nog geleerd 

hebt om neuronen te transfecteren. Het was fijn dat je deur altijd openstond en dat je vol zat met 

nieuwe ideeën, een must voor een voormalige “projectkiller” als ik ;). Ik werd opgeleid om de neuro-

nenkweek te doen, een hele taak. Maar het moeilijkste was toch wel om aan alle roddels te komen 

die ik aan jou moest doorvertellen wanneer ik de kweek met jou deed.… Je positieve aanpak en 

instelling heeft mij in vooral in het begin erg geholpen. Wanneer ik dacht dat een experiment hele-

maal mislukt was zag jij altijd toch weer iets positiefs. Ik hoop dat ik daar misschien een heel klein 

beetje van heb overgenomen. 

 In 2011 kwam de grote verhuizing en werd je professor. Het was een tijd dat er veel veranderde, 

ik heb heel veel mensen zien komen, nieuwe microscopen, nieuwe technieken, nieuwe labs zijn inge-

richt en de grappen om mijn zachte “g” werden ineens minder. Het was best een hectische periode 

voor iedereen die betrokken was maar het was ook leuk en leerzaam om het lab uit te zien groeien 

tot wat het nu is. Casper, ik wil je ook bedanken voor alle mogelijkheden die je me hebt gegeven. 

Het schrijven van papers, begeleiden van studenten en ook heb ik de afgelopen jaren veel mooie 

congressen mogen bezoeken (waar ik niet altijd zonder kleerscheuren vandaan kwam..). Je nuchtere 

en doelgerichte aanpak paste goed bij een evenzo nuchtere AIO als ik. Dat maakte dat onze samen-

werking eigenlijk altijd goed is verlopen. Bedankt voor de plezierige samenwerking en de mooie tijd. 
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Dick, ook wij hebben zes jaar samengewerkt al was de afstand, vooral de laatste jaren, wat gro-

ter. We hebben je erg gemist in Utrecht, vooral tijdens de vrijdagochtend besprekingen. Je, soms 

onbedoeld grappig, commentaar en slimme vragen laten zien dat je echt ontzettend veel weet. 

De besprekingen met jou, Casper en Vera waren onvergetelijk, mede dankzij jou vaak hilarische 

anekdotes. Na de verhuizing naar Utrecht hebben we door de etentjes en (telefonische) besprekin-

gen nog regelmatig contact gehouden. Altijd gezellig, soms een tikje chaotisch, maar uiteindelijk 

toch productief want zonder jouw ideeën zouden een heel aantal van de hoofdstukken die in mijn 

boekje staan er nooit geweest zijn. Niet alleen je ideeën hebben veel bijgedragen, je kennis van 

de anatomie en je microscopie werk vormen de basis van een aantal mooie papers in deze thesis.  

Dick, heel erg bedankt voor de prettige samenwerking.

 

Anna Akhmanova, je eerlijke en oprechte commentaar op resultaten heb ik bijzonder gewaardeerd. 

Net als de indrukwekkende hoeveelheid kennis die je altijd met ons deelt tijdens de vrijdagochtend 

besprekingen. Bedankt dat je deel hebt uitgemaakt van mijn leescommissie en het boekje in detail 

hebt gelezen. Graag wil ik hier ook de andere leden van mijn lees- en promotiecommissie bedan-

ken. Jeroen Pasterkamp, Ineke Braakman, Catherine Rabouille, Ellen Nollen, Leonard van den Berg, 

Joachim Weis and Judith Klumperman, thank you for your participation and for agreeing to serve 

on the review committee.

  Chris de Zeeuw, bedankt dat ik deel heb mogen uitmaken van de afdeling Neurowetenschap-

pen. Een groot deel van mijn promotieonderzoek heb ik op jouw afdeling gedaan.

Verder gaat mijn dank uit aan Phebe en Nanda, want eerlijk is eerlijk, zonder jullie toestemming 

was ik volgens mij nooit aangenomen ;). Phebe, jij hebt me in het begin veel geholpen met experi-

menten doen en nu nog steeds ben jij degene die ervoor zorgt dat het op het lab geen puinhoop 

wordt. Dankzij jou voelde ik me snel thuis op de neurowetenschappen afdeling, heel veel dank 

daarvoor. De goede sfeer en vele sociale activiteiten zoals borrels, etentjes en bbq’s waren voor 

een groot gedeelte aan jou te danken. Ik vond het erg leuk dat we geïnfiltreerd zijn in de mannen 

squash avond. We hebben best nog een aantal balletjes geraakt maar het waren toch voornamelijk 

de bitterballen die de meeste aandacht kregen… Natuurlijk, er is de laatste jaren veel veranderd, we 

zijn verhuisd (jij niet helemaal), er zijn collega’s weggegaan en veel nieuwe collega’s bijgekomen en 

we squashen al een tijdje niet meer. Maar andere dingen zijn hetzelfde gebleven, zo lach ik op dit 

moment om je typische reactie omdat Kah Wai en Sam weer een grap met je hebben uitgehaald. 

Phebe, bedankt dat je er altijd was en ik hoop ook dat in de toekomst we elkaar nog zullen zien.

  Nanda, jij hebt me geïntroduceerd in de wereld van de neuronen kweek. Vanaf het begin was 

ik verbaasd over je enorme efficiëntie, je manier van experimenten doen en je praktische kennis. 

Helaas moesten we je, samen met Dick, achterlaten in Rotterdam. Nou ja, “achterlaten”, je had een 

mooie nieuwe baan geregeld natuurlijk want wie wil er nu niet zo’n top analist. Ik heb veel van je 

geleerd, dank daarvoor.
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Met veel plezier denk ik terug aan alle samenwerkingen maar ook feestjes, reisjes, picknicks, bbq’s, 

sneeuwballengevechten, sportdagen, uitjes en weekendjes weg die ik heb meegemaakt met mijn 

collega’s van het Jaarsma lab, Hoogenraad lab en de afdeling celbiologie. Eva, je was al weg voordat 

ik officieel begon, maar dank voor je VAPB werk, er is nog een mooi paper van gekomen. Vera, ik ben 

erg blij dat je bij de meeste van onze Casper-en-Dick meetings was, dat hield alles toch een beetje 

in balans. Bedankt voor al je werk aan de VAPB en Golgi papers. Bjorn, het was super gezellig om 

jou als collega in het lab te hebben. Bedankt voor alle koffies die je hebt gehaald! Max (S), je hebt 

me een paar western blot trucs geleerd waar ik nog steeds wat aan heb. Met jou in het lab was het 

nooit saai, droogijs-bommen, door de lucht vliegende vuilnisbakken... bedankt voor de leuke tijd! 

Samantha, I was your culturing successor and you learned me a lot about neurons, thanks. Myrrhe, 

we hebben het erg gezellig gehad. In de kantoortuin, etentjes maar ook de meetings en congressen 

die we samen bezocht hebben. Daarnaast hebben we samen ook aan een aantal projecten gewerkt 

(al dan niet fictief), mooi dat er uiteindelijk ook een paar afgerond zijn. Lukas, we zijn ooit begonnen 

als kamergenootjes en mijn eerste project was voor het Current paper. Nu heb je een eigen groep, 

mooi om te zien, succes met al de papers die nog gaan komen. E*, jouw aanwezigheid op het lab is 

van grote waarde. Van ‘s ochtends vroeg tot ‘s avonds laat ben jij er en je staat altijd klaar om te hel-

pen. Bedankt voor al jouw behulpzaamheid, goede raad en gezelligheid. Robert, toen jij wegging 

crashte meteen mijn computer…dat zegt genoeg. Ik verwacht trouwens nog wel een uitnodiging 

te krijgen voor jouw promotie… Kah Wai, je min-eindjes paper is nu net geaccepteerd, gefeliciteerd 

man! Ik heb veel moeten glimlachen om je über relaxte houding en vaak geprobeerd je te irriteren, 

is me dat nu eigenlijk ooit gelukt? Marta, we endured some long meetings together. I wish you all 

the best with your projects (I still have to give you some Fip data, I know, I will look it up, I promise).

Mariella, je bent nu hard aan het werk om me te helpen met het NDEL1 project, bedankt hiervoor. 

Veel succes met je andere projecten en veel succes voor de toekomst. Mijn huidige Roomies; Karin, 

Laura, Josta en Bart. Sowieso bedankt dat jullie het hebben uitgehouden met mij. Karin, heel veel 

succes met al je papers, grants etc die je aan het schrijven bent. En natuurlijk met je tweede kindje. 

Josta, zelden heb ik iemand gezien die zich zo kan focussen. Naast al de papers die je inmiddels op 

je naam hebt staan ben je ook goed in het organiseren van borrels, labuitjes, gala’s etc. Niet voor 

niets dat ik je heb gevraagd om een van mijn paranimfen te zijn. Jammer dat ons “majo”-project 

nog niet echt ver gevorderd is, maar wie weet, in de toekomst...Succes! Laura, in case your Dutch 

vocabulary still mainly consists of food items I will continue in English. Thanks for the fun times we 

shared and the adventures we had in the US. Good luck with your projects and search for a job/

money. Too bad I will not be able to work in your lab in New Zealand… Bart, altijd op de hoogte van 

het laatste nieuws en in voor een (woord) grapje. Dank voor alle hulp met de neuronen. Sam, ik was 

zo jaloers op je AIS project en ankyrinG kleuringen dat ik ook zo’n project wilde. Mooi dat ik dat voor 

elkaar heb gekregen! Bedankt voor de leuke tijd en het fantastische cocktail feest dat je hebt geor-

ganiseerd en veel succes met je paper. Joanna, thanks for all the fun times. Great that you let me 

participate in writing the review, turned out pretty nice I would say. We should have gone to Japan 

though… Bas, bedankt dat jij mijn andere paranimf wil zijn. Sorry voor al mijn computerproblemen 

en bedankt voor alle hulp. Succes met je promotie en met het bouwen van een nieuwe microscoop. 

ORDER_CWP_MARIJNKUIJPERS_THESIS.indd   228 22-04-14   22:53



229

1

Dankwoord

Martin, bedankt voor je hulp met het VAPB-EM project en veel succes met je mooie worm projec-

ten. Petra, Marleen, Max (A), Hai Yin, Dieudonnée (in het bijzonder bedankt voor al je hulp bij het 

NDEL1 project) en Corette bedankt voor alle gezelligheid en hulp, en succes met al jullie promoties, 

mooie projecten en papers. Eugene, Elena, Cátia (thanks for using my dynein constructs!), Lena, Phil,  

Marina (thanks for all your professional advice), Inês (centrosome girl) and Riccardo, thanks for all 

your help and good times. 

  Babet, we hebben een leuke tijd gehad in Rotterdam. Bedankt voor alle gesprekken, gezel-

ligheid en potjes squash. Carol, thanks for all your help on the YIF1A paper. Ilya, funny guy, just 

let me know if you ever want to discuss microscope-room temperatures or anything else. Andrea,  

I guess your promotion is also getting closer, good luck! Iedereen van groep Akhmanova; Daniel, 

Gert-Jan, Kris, Susana, Renu, Benjamin, Harinath, Kai, Amol, Shasha, Qingyang, Ivar, Helma en Jing-
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Om in te kleuren.
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