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General Introduction 

Chapter 1 





1.1 A brief introduction to the brain, neurons and synapses 

In Ancient Egypt, the function of the brain was regarded as not much more 
than cranial stuffing. The brain was regularly removed in preparation for mummifica­
tion since the heart was assumed to be the organ of intelligence. Over the next five 
thousand years, this view was reversed; the brain is now known to be the control center 
of the central nervous system that is responsible for regulating virtually all activities of 
the body and is the source of perception and higher cognitive functions in humans. 

The simplest possible multicellular organisms have very simple nervous 
systems made up of a few neurons that mediate a reflex action. Smaller invertebrates, 
such as the fl atworm, do not have a centralized brain but loose associations of neurons 
arranged in simple reflex pathways along the body. Larger invertebrates, such as the 
lobster have simple "brains" that consist oflocalizcd collections of neuronal cell bod­
ies called ganglia. Each ganglion controls sensory and motor functions in its segment 
through reflex pathways, and the ganglia arc linked together to form a simple nervous 
system. In higher organisms the nervous systems evolve from the chains of ganglia 
cells into more centralized brain structures. In mammals the brain is extremely com­
plex and is divided in different functional regions, such as for example the brain stem, 
cerebellum, and cerebral cortex. 

1.1.1 Neurons 
All regions of the brain contain two classes of cells. neurons and glia, both of 

which contain several different cell types which perform different functions (Kandel ct 
al. , 2000). Glial cells (''glia" is Greek for ''glue") form a support system for neurons. 
They create the insulating myelin, provide structure to the neuronal network, manage 
waste, and clean up neurotransmitters. 

Neurons arc electrically excitable cells that connect with each other, convey 
information to other cells and form an extensive neuronal network. The human brain 
consists of more than a I 012 (a trillion) neurons which can be divided in three main neu­
ronal cell types: sensory neurons that act to detect stimuli (photorcccptors, olfactory, 
touch), motor neurons that transmit signals from the central nervous system to muscles 
(and g lands) and intcmeurons that process signals from other neurons. Although 
neurons have a variety of shapes such as pyramidal neurons in the cerebral cortex, 
Purkinjc cells in the cerebellum, mitral cells in the olfactory bulb and motor neurons in 
the spinal cord (Figure I). they all have three basic parts: cell body that contains all of 
the necessary components of the cell, such as the nucleus (contains DNA), endoplasmic 
reticulum (ER) and ribosomes (for protein synthesis) and mitochondria (energy pro­
duction), axon a long projection that conducts the electrochemical information (nerve 
impulse or action potential) and dendrites. branch-like projections which receive (and 
combine) electrochemical information sent by neighboring neurons (Figure I). The 
neuron 's place as the primary functional unit of the nervous system was first recognized 
in the early 20'h century through the work of the Spanish anatomist Santiago Ramon 
y Cajal (Shepherd and Erulkar, 1997). Cajal proposed that neurons were discrete cells 
that communicated with each other via specialized junctions, or spaces, between cells. 
This became known as the neuron doctrine, one of the central dogmas of modem neu­
roscience (Bullock ct a l. , 2005; Richard, 2005). 

.§ -u 
::: 

'C 

l: 
::: -

u 

9 



0 

MOTOR NEURON 
FROM SI'INJ\L CORD 

PURKINJE CELL 

Figure I: Neuron morphology 
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Reconstructions (drawn by Cajal and Deiters) of different types of neurons. A motor neuron f rom the spinal 
cord (top left) , a front and side view from a Purkinje cell f ound in the cerebellum (bonom left) , a mitral 
eel/from the olfactory bulb (middle) and a pyramidal neuron found in the cerebral cortex (right) . Although 
neurons can be very different in appearance. all have a basic structure of a cell body, an axon and dendrites. 
(Adapted from From neuron to brain: A Cellular and Molecular Approach to the Function of the Nervous 

System. 3rd Ed) 



In the late 19'h century a big controversy revolved around the question of 
whether the nervous system is composed of independent cells whose processes con­
tact other cells (neuron theory), or whether the nervous system is a continuous system 
(reticular theory). In 1906 the Nobel Prize in medicine was shared by two pioneers in 
neuroanatomy, Camillo Golgi and Santiago Ramon y Cajal (De Carlos and Borrell, 
2007). Golgi supported the reticular theory while Ramon y Cajal supported the neuron 
theory. Cajal experimented on brain tissue with the silver staining that was developed 
by and named after Golgi, the Golgi-staining. Cajal saw tiny protrusions on the den­
drite of stained Purkinje cells. He proposed that these were the places where the neuron 
could communicate with other cells (Garcia-Lopez et al. , 2007). While these and other 
experiments helped to achieve an eventual consensus in favor of the neuron theory, it 
was not possible to actually visualize the space between two neurons at the spot where 
they connect. With the development of the electron microscope (EM) around the mid 
20th century it was finally possible to visualize the connections of neurons in great 
detail, showing a cleft between the two cells, thereby definitely settling the controversy 
in favor of the neuron theory. 

1.1.2 Synapses 
In a neuronal network a single neuron may be connected to many other neu­

rons and the total number of neurons and connections in a network may be extensive. 
The point where two neurons connect with each other and communicate together is 
called a "synapse". The term synapse was introduced by Charles Sherrington in 1897 
for these connections (Shepherd and Erulkar, 1997). The word "synapse" comes from 
"synaptein", created from the Greek "syn-" ("together'') and "haptein" ("to clasp"). It 
is estimated that the mature human brain has 5 x I 0 14 (500 trillion) neuronal synapses. 
Although the term ''synapse'' commonly refers to a chemical synapse, synaptic con­
nections are categorized in two groups: electrical and chemical. Already in 1860 it was 
suggested that communication between neurons was an electrical process. A decade 
later Bois-Reymond was the first to propose that synaptic transmission is a chemical 
process. The debate whether synapses are electrical or chemical took till the 1950's 
when, with improved physiological techniques it became clear that both forms of syn­
aptic transmission exist (Bennett and Zukin, 2004; Connors and Long, 2004). Electron 
microscope analysis made it possible to show the morphological differences between 
the two types of synapses. At electrical synapses, the two neurons make direct contact 
via gap junction channels and approach within about 3.5 nm of each other. The pore of 
a gap junction channel is wide enough to allow ions and even medium-sized molecules 
like signaling molecules to flow from one cell to the next, thereby connecting the two 
cells cytoplasm. At chemical synapses, the two neurons are separated from each other 
by a synaptic cleft of 20 nm distance. They are not connected via protein channels and 
thus cannot communicate directly. Instead, small chemicals called neurotransmitters 
are used to signal from one cell to the next. Most excitatory neurons in the mammalian 
central nervous system have glutamatergic synapses with glutamate as neurotransmit­
ter. The first neurotransmitter identified was acetylchol ine, described by Dale in 19 14 
(Brown, 2006). Many other small molecules, amino acids and short peptides have been 
identified as neurotransmitters since then. 
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1.2 Synaptic transmission and the structure of synapses 

1.2.1 Synaptic transmission 
Neurons are specially adapted for the transmission of electrical signals by 

changing their membrane potential (Purves, 200 I). The membrane potential is a prop­
erty of all cells and reflects a difference in charge on either s ide of the cell membrane. 
Normally, cells have a negative charge inside the cell which results in a negative resting 
membrane potential. In response to stimuli, neurons arc electrically excitable which 
means that rapid changes in membrane potential can occur. Within a millisecond, the 
membrane potential changes from negative to positive and back. This pulse-like wave 
of voltage is called the action potential or nerve impulse (Kande l et a l. , 2000). Thus, 
neurons transport their information by way of action potentials. When a nerve impulse 
moves along the axon and arrives at the presynapse, it re leases neurotransmitters, 
which influence the postsynaptic neurons, either in an inhibitory way or in an excitatory 
way. The chemical movement over the synapse caused by the propagation of the action 
potential is called synaptic transmission (latin: transmitto =send, let through). The next 
neuron may be connected to many more neurons, and if the total of excitatory influ­
ences is sufficient, it will create a new action potential at its axon hillock, in this way 
passing on the information to yet another neuron, or resulting in an experience or an 
action. 

Whether the result of synaptic transmi ssion will be excitatory or inhibitory de­
pends on the type of neurotransmitter used and the ion channel receptors they interact 
with (Kandel et al., 2000; Purves, 2001). Glutamate is the most common neurotrans­
mitter for excitatory synaptic transmission in the mammalian brain. This is a common 
amino acid used throughout the body to build proteins but in the central nervous system 
(CNS) it is the major excitatory neurotransmitter. It interacts with different classes of 
glutamate-type receptors in the postsynaptic neuron (Dingledine et a l. , 1999; Hollmann 
and Heinemann, 1994). These receptors are named after specific agonists (AMPA (a­
amino-3-hydroxy-5-methyl-4-isoxazoleprionic acid) and NMDA (N-methyl-D-aspartic 
acid)) that can bind the receptors and mimic the effect of glutamate. The receptors are 
ion channels that are permeable to sodium ions and thus generate depolarisation waves. 
Inhibitory synaptic transmission uses a neurotransmitter called y-Aminobuteric acid 
(GABA) (Hevers and Luddens, 1998; Whiting, 2003). This interacts with GABA recep­
tors, ion channels that are permeable to negatively charged chloride ions. Thus, opening 
of these channels makes it harder for a neuron to generate an action potential. Long­
lasting changes in the efficacy of these synaptic connections (long-term potentiation or 
depression) between two neurons can involve the making and breaking of synaptic con­
tacts (Malcnka and Nicoll, 1999; Malinow et al. , 2000; Nelson and Turrigiano, 2008). 
Understanding the precise control of synaptic transmission in the brain makes it clear 
how an imbalance in this mechanism could have serious clinical implications. Whether 
due to genetic defects, drug abuse, the aging process or other various causes, biological 
dysfunction in synaptic transmission often leads to such imbalances and is the underly­
ing cause of conditions such as schizophrenia, Parkinson's disease, and Alzheimer's 

.§ disease (Cohen and Greenberg, 2008; Katona and Freund, 2008; Selkoe, 2002; Stephan 
=. ct a l., 2006; Sudhof, 2008). 
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Figure 2: Synapse morpholorzy 
A EM image of an excitatory synapse with a presynaptic terminal (PT) and a post~ynaptic spine (PS) separat­
ed by a synaptic cleft (SC). At the PT. synaptic vesicles (SV) containing neurotransmiller can be seen. A post 
synaptic densiry (PSD) can be seen in the PS. 8 a schematic overview of a synapse with the presynaptic side 
(left) showing synaptic vesicles docking at the synapse and releasing their neurotransmillers in the ~ynaptic 
cleft after a electric stimulus. Receptors of the PSD can bind the neurotransmillers and initiate a re;ponse in 
the postsynaptic compartment (right). Tran5port of receptors/rom the synaptic membrane to intracellulair 
vesicles or visa verca allows fast adaptation of synaptic strength. The major trafficking organelles. the Golgi 
complex and the ER are indicated in green. (adapted from Sudhof and Malenka. Neuron. 2008) 

1.2.2 Synaptic Structure 
How docs the electrical infonnation from one neuron flows to another neuron 

across a synapse? Let's first look more closely at the structure and architecture of the 
synapse. A synapse consists of: a presynaptic ending that contains neurotransmitters, 
a postsynaptic ending that contains receptor sites for neurotransmitters and, a synaptic 
cleft between the presynaptic and postsynaptic endings (Figure 2) (Okabe, 2007: Sheng 
and Hoogenraad, 2007 : Waites eta!., 2005). Since the action potential cannot cross the 
synaptic cleft between neurons, the nerve impulse is carried by small chemicals called 
neurotransmitters. These chemicals are made by the cell that is sending the impulse (the 
presynaptic neuron) and stored in synaptic vesicles at the end of the axon. Excitatory 
presynaptic boutons contain clear round vesicles, approximately 35-50 nm in diameter 
(Figure 2). These vesicles usually contain the neurotransmitter g lutamate. Exocyto-
sis of neurotransmitters requires the docking and fusion of vesicles with the plasma 
membrane and requires ATP and voltage-gated calcium channels (Jin and Gamer, 
2008: Rosenmund eta!., 2003). This initiates the docking and fusion of the vesicles a t 
the presynaptic membrane in an active zone through the action of docking and fusion 
proteins such as synaptotagmin, synaptobrevin and syntaxin (Sudhof, 2004). The cell 
that is receiving the nerve impulse (the postsynaptic neuron) has chemical-gated ion 
channels in its membrane, called neurotransmitter receptors, which have specific bind­
ing sites for the neurotransmitters (Figure 2). After its recognition by the receptor, the 
neurotransmitter must be inactivated so that it does not continually occupy the receptor 
sites of the postsynaptic cell. Inactivation of the neurotransmitter or recovery by the 
presynaptic neuron avoids constant stimulation of the postsynaptic cell. whi le at the 
same time freeing up the receptor sites so that they can receive additional neurotrans­
mitter molecules, should another action potential arrive. Many psychoactive drugs and 
neurotoxins can change the properties of neurotransmitter release, neurotransmitter 
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rcuptake and the avai lability of receptor binding sites (Costa et al. , 2008; Luscher and 
Ungless, 2006). 

1.2.3 The Postsynaptic Compartment 
At the postsynaptic membrane, both glutamate and GABA receptors are orga­

nized by specific scaffolding proteins which concentrate receptors at excitatory or in­
hibitory synapses. At excitatory synapses, a specialised postsynaptic multiprotein com­
plex, known as the postsynaptic density (PSD) clusters glutamate receptors, scaffolding 
proteins and signaling elements at the postsynaptic membrane (Kennedy, 2000; Ziff, 
1997). The PSD lies adjacent to the cytoplasmic face of the postsynaptic membrane, in 
close apposition to the active zone of the synapse and the docked synaptic vesicles in 
the presynaptic terminal. By EM the PSD is clearly visible as an electrodense postsyn­
aptic structure of - 200-800 nm wide and -30-50 nm thick (Figure 2). This specialised 
location places the PSD directly in the path of the intracellular ionic fluxes and second 
messenger cascades generated by neurotransmitters. lt is now apparent that the PSD 
provides a structural matrix, which clusters ion channels in the postsynaptic membrane 
and anchors signaling molecules such as kinases and phosphatases at the synapse (Ken­
nedy et al., 2005). These properties suggest that the PSD serves as a general organizer 
of the postsynaptic signal transduction machinery, which links regulatory molecules to 
their targets, coordinates developmental and activity-dependent changes in postsynaptic 
structures. and establishes the functional topography of the postsynaptic membrane. It 
is now widely believed that the PSD has a central role in synaptic signaling and regula­
tion (Okabc, 2007; Sheng and Hoogcnraad, 2007). 

Over the years, protein components of the PSD have been discovered by 
biochemical and yeast two-hybrid approaches. The PSD is typica lly purified through 
differential centrifugation, sucrose gradient sedimentation and detergent extraction. 
because the PSD structure cannot be solubilized with mild nonionic detergents such as 
Triton X-1 00. Kennedy and co-workers discovered several PSD proteins by sequenc­
ing of protein bands from one-dimensional gels of PSD preparations (Kennedy et a!., 
1983). Walsh and Kuruc employed two-dimensional gel electrophoresis followed by 
immunoblotting and amino acid sequencing by traditional N-terminal degradation, 
and determined more than 30 proteins (Walsh and Kuruc, 1992). Later, many PSD 
proteins were identified by the yeast two-hybrid system as binding partners of known 
postsynaptic proteins (Kim and Sheng, 2004). The development of matrix-assisted laser 
desorption/ionization-time of flight (MALDI-TOF) mass spectrometry allowed several 
groups to re-analyze constituents of the PSD. Recently, ?eng et al. , and Cheng eta!.. 
identified - 350 PSD components using liquid chromatography coupled with tandem 
mass spectrometry (LC-MS/MS) (Cheng et al. , 2006; Pcng ct al. , 2004). Membrane 
proteins found in the PSD are ion channels, cell adhesion molecules, G protein-coupled 
receptors and receptor tyrosine kinases which arc involved in communication and 
linkage with the presynaptic active zone. Cytoplasmic proteins found in the PSD arc 
scaffolding proteins, signaling enzymes and cytoskeletal proteins. The PSD is a highly 
dynamic structure that can change size or composition in response to synaptic activity, 
involving mechanisms such as protein phosphorylation. local translation, ubiquitination 
and degradation, and subcellular redistribution (Kennedy et al., 2005; Okabe, 2007). 
Important mechanisms for synaptic regulation, including long-term potentiation (LTP) 
and long-term depression (LTD), are likely to have a basis in the PSD. For example, a 
major component of the PSD, the subunit of the Ca2+/calmodulin-dependent protein 



kinase li (CaMKII), has a central role in a current model for long-term memory (Lis­
man and Goldring. 1988). The NMDA receptor. which is required for several forms of 
synaptic plasticity (Wilson and Tonegawa, 1997) is clustered at the synapse by compo­
nents of the PSD (Sheng and Kim, 1996). Thus. the PSD contributes to critical features 
of synaptic integration and regulation and aberrations therefore may underlie neuronal 
disorders (Dev. 2004; Li and Jimenez, 2008). 

AMPA 
receptor 

NMDA 
re<:eptor 

Specific 
stimuli 

endocytosis 
exocytosis 

Figure 3: AMPA receptor trafficking during LTP and LTD. 
While the total amount oft1MPA receptors at a synapse is stable, the individual receptors are constantly 
recycled. moving from the synaptic membrane to an intracellular pool and back. LTP-inducing stimuli cause 
more AMPA receptors to enter the synaptic membrane via endocytosis, strengthening the synaps. LTD-in· 
ducing stimuli will enhance the internali=ation ofAMPA receptors via e.xocytosis. (adapted from Craig and 
Boudin. Nature Neuroscience. 2001) 

1.3 Receptor recycling 

1.3.1 Postsynaptic Receptor Trafficking 
Synaptic plasticity is the ability of the synapse to change in strength and is 

thought to be the cellular basis of learning and memory. There arc several underly-
ing mechanisms that cooperate to achieve synaptic plasticity, including changes in the 
quantity of neurotransmitter released into a synapse and changes in how effectively 
cells respond to those neurotransmitters. The synaptic strength also depends on the 
number of ion channels. Importantly, it has been shown that neurons change the density 
of receptors on their postsynaptic membranes as a mechanism for changing their own 
excitability in response to stimuli. In a dynamic process that is maintained in equilib­
rium. neurotransmitter receptors arc added to the synaptic membrane by cxocytosis 
and removed by endocytosis (Sheng and Lee, 200 I) or recruited and stabilized from 
a freely diffusing surface pool (Choquet and Trillcr, 2003). In excitatory synapses, 
NMDA receptors in the synaptic membrane arc quite constant both in number and 
position, while the amount of AMPA receptors in these synapses can change quickly. 
AMPA receptors are constantly recycled from the synaptic membrane to an intracellular 
vesicle pool and back. These processes, and by extension the number of receptors on 
the membrane. can be altered by synaptic activity (Bredt and Nicoll. 2003; Greger and 
Esteban, 2007; Ncwpher and Ehlers. 2008). In fact, it is widely believed that AMPA 
receptors are delivered to the membrane due to repetitive NMDA receptor activation. 
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Importantly. the delivery of AMPA receptors to the synapse during synaptic stimulation 
is independent of protein synthesis. This is achieved by having a nonsynaptic pool of 
AMPA receptors adjacent to the postsynaptic membrane. When the appropria te LTP­
inducing stimulus arrives, nonsynaptic AMPA receptors arc rapidly trafficked into the 
postsynaptic membrane under the influence calcium influx and activation of protein 
kinases, such as CaMKII and protein kinase A (PKA) (Dcrkach et al. , 2007). By in­
creasing the efficiency and number of AMPA receptors at the synapse. future excitatory 
stimuli will generate larger postsynaptic responses. 

1.3.2 AMPA receptor trafficking 
AMPA receptors are the brain's most abundant glutamate receptors and 

mediate the majority of its excitatory activity (Cull-Candy et al. , 2006; Derkach eta!.. 
2007). As indicated above. understanding the cellular machinery behind AMPA recep­
tor trafficking is relevant for understanding synaptic plasticity. Important processes in 
AMPA receptor dynamics arc receptor assembly, sorting and trafficking. AMPA recep­
tor trafficking includes mechanisms such as vesicular transport to get the receptors to 
synaptic sites (Bredt and Nicoll, 2003), cndocytic recycling and degradation (Sheng 
and Lee. 2001) and surface receptor diffusion (Choquet and Triller, 2003) for local traf­
ficking ncar the synaptic membrane. 

AMPA receptors arc hctero-tetramers composed of different combinations of 
GluR I. GluR2. GluR3, and GluR4 subunits (Hollmann and Heinemann. 1994). Each 
subunit is composed of 4 transmembrane domains, an extracellular N-terminus and an 
intracellular C-terminus. In the mature hippocampus, most AMPA receptors are com­
posed of GluR I-GiuR2 or GluR2- GiuR3 combinations, whereas GluR4-containing 
AMPA receptors arc expressed mainly in ear ly postnatal development (Wenthold et al., 
1996). These oligomeric combinations arc formed in the endoplasmic reticulum (ER), 
possibly assembling as dimers of dimers via interactions between the luminal, N-tcr­
minal domains of the subunits. After assembly, exit from the ER is tightly regulated by 
quality control mechanisms that monitor the competency of newly synthesized recep­
tors for ligand binding and gating (Fleck, 2006). Interestingly, a fraction of the GluR2 
subunits remains unassembled within the ER. which seems to depend on a single amino 
acid located at position 607 at the channel pore region. In GluR I, GluR3 and GluR4 
this is a glutamine residue gln607 but in GluR2 it is an arginine residue arg607. After 
mutation of g ln607 into arg607 in GluR2, GluR2 will behave like the other subuni ts 
and quickly exported from the ER (Greger and Esteban. 2007). Interactions with 
cytosolic proteins also control trafficking through the ER. For example. the GluR2 C­
terminus has a PDZ (PSD-95/Discs-Large/Z0-1) binding motif ( -SYKI) that interacts 
with the PDZ domain-containing protein PICK! (Protein Interacting with C-Kinase I) 
(Brcdt and Nicoll , 2003) which is required for GluR2's exit from the ER. Additionally, 
export of AMPA receptors from the ER and surface expression is also fac ili tated by 
direct interaction with a family of transmembrane AMPA receptor regulatory proteins 
(TARPs) (Nicoll et al. , 2006). Mutant stargazer mice lacking TARPy2 have no delivery 
of functional receptors to the cell surface, which leads to ataxia and epilepsy in these 
mice (Chen ct al., 2000). The four last C-terminal amino acids ofTARP form a PDZ 
binding domain which can bind to PSD-95, a scaffolding protein in the PSD, indicat­
ing an additional role for TARPs in the clustering of AMPA receptors at the synapse. In 
fact. TARPs may well be considered auxiliary subunits of AMPA receptors (Fukata ct 
al.. 2005). which assist in their proper folding and affect channel kinetics (Bcdoukian ct 



al., 2006). 
The newly synthesized AMPA receptors travel long distances from their point 

of biosynthesis to their final synaptic targets. The long-range dendritic transport of 
AMPA receptors is likely to depend on the microtubule cytoskeleton that runs along 
dendritic shafts. The transport of membrane organelles on microtubule tracks is an 
active process powered by motor proteins of the kinesin and dynein superfamilies (Hi­
rakawa and Takemura, 2005 ; Vale, 2003). Membrane vesicles bearing AMPA receptors 
are likely to be transported by some of these motor proteins; however the molecular 
mechanisms underlying these processes are still not clear. The PDZ domain-contain­
ing protein Glutamate Receptor Interacting Protein (GRIP) interacts directly with the 
heavy chain of conventional kinesin (kinesin-1) and with the C-terminal PDZ motif of 
GluR2 and GluR3 (Dong et al., 1997; Sctou et al., 2002), and hence, may serve as the 
link between synaptic receptors and microtubule dependent motor protein transport 
(Hoogenraad et al., 2005). In addition, it has recently been reported that the transport 
of AMPA receptors to synaptic sites depends on actin-based motor protein transport 
(Wang et al. , 2008). 

The final steps in the synaptic trafficking of AMPA receptors strongly depend 
on their subunit composition, and specifically, on cis-signals contained within their 
cytosolic carboxy termini (Shi et al., 200 I). The extracellular domains and the trans­
membrane domains of AMPA receptors are very similar in all four subunits but the 
C-terminus varies in the different subunits. GluRl and GluR4 have long cytoplasmic 
C-terminal tails while GluR2 and GluR3 have short cytoplasmic tails (Shepherd and 
Huganir, 2007). The different C-terminal tails bind to specific cytoplasmic proteins 
which lead to subunit-specific receptor dynamics. In hippocampus, hetero-tetramers 
formed by GluR l -GluR2 and GluR2-GluR3 subunits, together with a smaller con­
tribution from GluR homo-tetramers, represent the most common combinations in 
excitatory synapses. GluR2-GluR3 hetero-tetramers continuously cycle in and out of 
synapses in a manner largely independent from synaptic activity (constitutive pathway) 
(Passafaro et al., 200 I). Activity-dependent receptor endocytosis responsible for long 
term depression (LTD) requires the GluR2 subunit (Lee et al., 2004). The C-terminal 
tail ofGluR2 specifically binds to several proteins involved in receptor trafficking; 
GRIP! anchors AMPA receptors at synaptic and intracellular membranes and PICK! 
binds to the GluR2 C-tail at the same region as GRIP/ABP. Transfer of AMPA receptor 
from ABP/GRIP to PICK! , facilitated by GluR2 S880 phosphorylation is a critical step 
in controlling GluR2 trafficking (Lu and Ziff, 2005). GluRI on the other hand is the 
key subunit that '"drives'' AMPA receptors to the surface and to synapses in response to 
NMDA receptor stimulation and activation ofCaMKII, resulting in synaptic potentia­
tion. In heteromeric receptors, GluR I acts "dominantly" over GluR2 (Shi et al., 200 I). 
This regulated pathway is triggered transiently upon induction of long-term potentia­
tion (LTP), and results in a net increase in the number of AMPA receptors present at 
synapses. This leads to activation of previously silent synapses that lacked AMPA 
receptors or to further strengthening of synapses that already had AMPA receptors. 
Although the mechanisms behind AMPA receptor delivery during LTP are not yet com­
pletely known, several experiments have shown that GluRl containing receptors are 
critical for LTP induction. Mature GluRI-knockout mice show no LTP, while GluR2-
knockout mice show enhanced LTP (Meng et al. , 2003). Furthermore, overexpression 
of the GluR I C-terminus abolishes LTP in neurons (Bredt and Nicoll, 2003). 
How is the behavior ofGluR subunits differentially regulated? There is compelling 
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evidence that phosphorylation of AMPA receptors plays an important role during plas­
ticity. Previous studies indicate that especially phosphorylation of the GluRI subunit of 
AMPA receptors changes with LTP and LTD induction (Shepherd and Huganir. 2007). 
LTP is associated with an increase in phosphorylation ofGluRI and LTD is correlated 
wi th a dephosphorylation ofGluRI (Lee et al., 2000). CaMKJI can directly phos­
phorylate GluRJ at Scr83J and PKA can phosphorylate GluRI at Ser845. Preventing 
phosphorylation by either inhibiting CaMKJI or mutating GluR I Ser831 and Ser845 
blocks LTP induction in hippocampal slices. Furthermore, mice with knock-in muta­
tions in these GluRI phosphorylation sites show defic its in LTD and LTP and have 
memory defects in spatial learning tasks (Lee et al., 2003), demonstrating that Ser83l 
and Ser845 phosphorylation ofGluRJ are critical for LTD and LTP expression and 
memory retention. 

Fi::ure 4: Spine morphology 

Pensynaphc 
membrane 

PSD 

A 3-Dimensional reconstruction of a p iece of dendrite with mushroom shaped and thin spines. Several excit­
atory synapses (red) can be seen on the spines and inhibitory synapses (blue) on the dendritic shaft. 
8 Schematic overview of a mushroom-shaped spine containing several organelles. Actin is shown in brown 
forming the exoskeleton of the sp ine. The endocytic =one (EZ) is located in the perisynaptic membrane lateral 
oft he PSD. Clathrin coated vesicles (CCV) and recycling endosomes can be found in the spine head. The 
spine apparatus (SA) can be found in the spine shaft or at the base of the spine. Polyribosomes (PR) found at 
the base or shaft oft he spine allow local protein ;,ynthesis. In larger spines smooth endoplasmatic reticulum 
(SER) can sometimes be found all the way into the spine head. Mitochondria are normally located in the 
dendritic shaft near the spine bw extend into the spine. 
(adapted f rom Sheng and Hoogenraad, Annu. Rev. Biochem. 2007) 



1.4 Dendritic Spines 

1.4.1 Spine development and morphology 
In mammalian brains excitatory synapses are often found on top of tiny struc­

tures called ''spines". These spines protrude from dendrites, form microcompartments 
for individual synapses and vary widely in shape, size en density. Microscopic studies 
on fixed brain tissue have identified several categories of spines based on their shape 
(thin, stubby. mushroom or cup shaped) (Hering and Sheng, 200 !). Postsynaptic spines 
arc highly diverse among synapses on the same dendrite and across different cell types 
in the brain; their size can vary with lengths of 0.5-6 !lm and volumes of 0.01-0.8 !lm3. 
For example, neighboring dendritic spines on a single hippocampal dendritic segment 
can vary more than I 0 fold in their dimensions (Bourne and Harris, 2008). 
Spines are very dynamic during development of the brain; spine shape and density 
quickly change during early synaptogenesis (Bourne and Harris. 2007). In neuron 
cultures some spines arc very dynamic and able to change shape and size in matter of 
seconds or minutes whi le others arc stable for hours or even days (Hering and Sheng, 
200 I). During rat brain development, dendritic filipodia, which are thought to be the 
precursors of spines, emerge during the first postnatal week and quickly extend and 
retract while they search for interactions with axons of neighboring neurons. Once the 
axonal connection is established filopodia develop into stubby and mushroom-shaped 
spines. During postnatal week two the amount of stubby and shaft spines decreases 
and the first thin and mushroom-shaped spines emerge (Bourne and Harris. 2007). In 
mature brain. mushroom-shaped spines are the most abundant spine form although 
filopodia can also still be found. Overall, the adult brains show up to 50% fewer spines 
than developing brains. 

Beside the variation in shape and size, spines also vary in their content (Figure 
4). All spines have a filamentous actin cytoskeleton and all but very thin and develop­
ing spines contain a PSD. The reconstructed surface area of the PSD correlates nearly 
perfectly with the volume and surface area of the spine head. The PSD area and spine 
head volume also correlates nearly perfectly with the total number of presynaptic 
vesicles and the number of vesicles docked at the presynaptic active zone (Bourne 
and Harris, 2008), suggesting a strong structure-function relationship between den­
dritic spines and their presynaptic axons. Polyribosomes have been described in both 
dendrites and dendritic spines which indicates that local protein synthesis could exist 
close to the synapse (Steward and Levy, 1982). Smooth endoplasmatic reticulum (SER) 
can be found in dendrites from where it extends into a subset of larger spines. where 
it transports lipids and membrane-bound proteins (Sheng and Hoogcnraad. 2007). A 
special organelle made of stacks of SER named the spine apparatus is often present in 
larger spines and thought to be involved in calcium storage (Sheng and Hoogenraad, 
2007). Several types of vesicular organelles. like cndosomes and clathrin-coated ves­
icles arc also found in spines and are believed to play important roles in the recycling 
and degradation of receptors and other membrane proteins. Recently it was shown that 
local endosomal compartments in close proximity to synapses, or even within dendritic 
spines. mediate the delivery of AMPA receptors into the synaptic membrane (Park et 
al., 2004: Park ct al.. 2006). The endosomal Rab GTPase family with well-defined 
functions in non-neuronal cells has been shown to be of key importance for regulating 
postsynaptic AMPA receptor endocytosis (Box I). 
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Box 1: Rab proteins involved in endosomal transport 
Endosomaltransport in the ~pine allows for a continuous turnover of cell surface molecules. Clathrin coated 
pits (CCP) can be found in the endocytic :one in the perisynapric membrane. Membrane and membrane 
bound proteins can be invaginated in CCP and form clarhrin coated vesicles (CCV). Endocytic vesicles 
(EV) will transport the components to early endosomes (££). In theE£ molecules are sorted and further 
transported ro eighrer fare endosomes (LE) and lysosomes for degradation or recycling endosomes (RE) for 
recycling to the cell membrane. Endosomaltramporr is a highly regulated process in which Rob GTPases 
play an important role. Vesicle bound Robs can bind to effector proteins and connect those vesicles with 
or her specific endosomal compartments. EV characteri:ed by Rab5 are transported ro ££which carry both 
Rab5 and Rab4. Recycling endosomes involved in exocytosis are Rab4 or Rabll positive. Mature L£ labeled 
with Rab7 and Rab9 can interact with lysosomes in which proteins are degraded. (Adapted from Schmidt 
and Haucke .. Biology of the cell. 2007) 



1.4.2 Spine plasticity 
Changes in spine morphology and density can lead to changes in the synap­

tic strength of neurons. Much evidence suggests that learning can cause alterations in 
synaptic strength of synapses by changing the structure of the postsynaptic side ofthc 
synapse. It has been suggested that memories are retained when spine and synapses 
alterations arc stabilized and persist over time (Bourne and Harris, 2007). In the brain, 
mushroom-shaped spines arc stable over months; therefore bigger spines arc thought to 
be ··memory spines''. 

In contrast, thin spines are much more flexible and tend to enlarge or shrink. 
Thin spines can emerge and collapse or develop into mature spines within a few days 
and arc therefore thought to be " learning spines". The molecular mechanisms behind 
this structural plasticity arc not yet fully understood. but more and more molecules and 
signaling pathways involved are identified. One attractive mechanism for refining spine 
morphology is local addition or removal of membrane by cxocytosis and endocytosis. 
Indeed, the observation that spine volume correlates with the size of the PSD. the 
number of postsynaptic AMPA receptors and the abundance of spine cndomembrancs 
suggests a quantitative coupling between membrane trafficking, synaptic strength. and 
spine size (Park et al. , 2004; Park e t al. , 2006). Consistent with this notion. LTP- and 
LTD-inducing stimuli trigger an increase or decrease in spine size, respectively (Matsu­
zaki ct al., 2004). 

Alternatively. it seems that most if not a ll other signaling pathways control 
spine shape by regulating actin cytoskeleton dynamics. For example both Rae and Rho 
GTPascs arc important protein kinascs found to regulate actin dynamics (Ethell and 
Pasquale. 2005). 

Actin is present in its monomeric form which provides a pool easily available 
for polymerization in the spine. Many proteins have been identified in the spine that 
can bind to or affect actin polymerization (Box 2). LTP-inducing stimuli will activate 
pathways that promote actin dynamics. stabil ization and branching which results in a 
growing actin network and thus enlargement of the spine (Carlisle and Kennedy, 2005 ; 
Ethell and Pasquale. 2005; Tada and Sheng, 2006). A larger spine head can accommo­
date a larger PSD which can recruit more AMPA receptors to the synaptic membrane, 
resulting in increased synaptic strength. Alternatively, LTD-inducing stimuli will 
activate pathways involved in actin depolymerization and lead to spine shrinkage or 
even spine loss and thus a decreased synaptic strength. Therefore, the tight regulation 
of receptor trafficking and membrane material together with well coordinated actions 
of cytoskeleton dynamics provides an attractive mechanism for coupling functional and 
structural plasticity at glutamatcrgic synapses. 

1.5 Synaptic Pathology in neurological diseases 
Abnormal spine morphology or density has been reported in a broad range 

of neuropsychiatric disorders. Alcohol or drug addiction can lead to spine abnormali­
ties. After chronic alcohol abuse, spine abnormalities can be found in the hi ppocampus 
(affecting memory), the cerebellum (affecting motor performance) and in the nucleus 
accumbcns which is the reward centre of the brain (Bianpicd and Ehlers, 2004). Con­
sistently, defects in synaptic properties have been reported in animal models of drug 
addiction (Boudreau and Wolf. 2005). Altered synaptic connections arc also found in 
mental retardation, dementia and neurodcvelopmental disorders such as autism and 
schizophrenia (Lau and Zukin, 2007). For example, two major mental retardation 
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Box 2: Actin dynamics in spines 
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The cytoskeleton of a spine is made of filaments of polymeri:ed F-acrin and a soluble pool of monomeric 
G-acrin. The actin cytoskeleton is very dynamic. enabling the spine to quickly grow or shrink. Several direct 
binding partners of actin regulate the growth of the actin polymers. Profilin is a small protein that can bind 
monomeric actin and transfers the monomers to the vicinity of the growing tip of the actin filament, thus 
enhancing actin polymeri:ation. Capping proteins can bind to the tip of an actin polymer and inhibit further 
growth. The actin-related proteins 213 (Arp213) complex can bind to the side of actin filaments. From Arp213 
a new actin filament can form which leads to branching of the actin skeleton. Cofilin and actin depolymeri;­
ingfactor (ADF) can bind to the side of actin filaments and cause structural changes enhancing actin depoly­
meri:ation. ADF/Cofilin can be inhibited by PAK I an LIM-Kinase activation after LTP induction. A complex 
network of signaling pathways influences the actin dynamics in the spine (Ethel/ and Pasquale, 2005). To 
illustrate the complexity of this network increased cu· concentrations in the ~pine canleas to opposite effects 
on actin dynamics. High levels ofCu' for a longer period lead to spine shrinkage or even ;pine collapse. 
while small increases of Ca' · levels leads to spine growth and the formation of new spines. 
(Adapted from hllp:/lwww.boil. vt.edulresearhlmcdcb.html) 

syndromes, Down syndrome and Fragi le X syndrome, show less mature mushroom­
shaped spines and more immature filopodia (Bear et al. , 2004: Blanpied and Ehlers. 
2004). FMRP. the protein affected in Fragile X patients, can indirectly influence Rae 
GTPase activity which is involved in regulating actin dynamics in spines (Blanpied 
and Eh lers, 2004). In Williams syndrome, one of the genes found to be affected is LIM 
kinase (Meng et al.. 2002). Mice lacking LIM kinase have small and th in spines most 
likely caused by alteration in the actin cytoskeleton. Other proteins, such as PAK3 and 
o ligophrenin 1, whose mutated forms cause nonsyndromic mental retardation. are also 
known to regulate actin dynamics in the spines (Blanpied and Ehlers, 2004). 
Recent studies indicate that abnormal synapse formation and maturation is the lead-



ing cause of autism (Zoghbi, 2003). Autism and Aspcrger syndrome arc classified 
as pervasive developmental disorders, also referred to as autism-spectrum disorders 
(ASD). Rearrangement of chromosomal regions harboring synaptic adhesion molecules 
ncuroligin-1 and ncuroligin-2 and postsynaptic scaffolding protein (PSD-95) genes 
have been associated with autism (Zoghbi, 2003). Two mutations in the X-chromo­
somal neuroligin genes. ncuroligin-3 and -4, have been directly linked to Aspergcr 
syndrome (Jamain ct at.. 2003). These mutations impair the expression ofncuroligins 
at the plasma membrane. and are likely to have important consequences on synaptic 
properties given the importance of these adhesion molecules in the clustering of other 
postsynaptic proteins (Sudhof, 2008). Recent linkage and copy number variation analy­
ses also implicated other genes encoding synaptic proteins associated with autism. such 
as the neuroligin interacting partners neurcxins (Szatmari et al. , 2007). In addition. mu­
tations in the adhesion molecule NrCam and the scaffolding protein Shank3 have been 
linked to autism (Durand ct al. , 2007). Thus, dysfunction in adhesion and scaffolding 
PSD proteins might be a common defect in ASD. 

Furthermore, recent findings show an interesting link between synaptic pro­
teins and neurodcgcncrativc diseases. For example, the Huntington's disease protein 
huntingtin binds to proteins such as HIP 14 (huntingtin interacting protein 14) which 
participate in receptor function and trafficking (Huang and El-Husscini, 2005) by regu­
lating the palmitoylation of several scaffolding proteins (Kang et al., 2008). In addition. 
the role of postsynaptic mechanisms in Alzheimer's disease (AD) is particularly inter­
esting. Recent data indicate that the processing of the amyloid precursor protein during 
~-amyloid (A~) production is activity-dependent, and liberated A~ in tum attenuates 
synaptic strength (Kamcnetz et a!. , 2003 ). Conversely. A~ oligomcrs block LTP (Walsh 
ct al. , 2002). Consistently, the memory loss found in AD patients correlates with the 
lower density of large spines at pyramidal neurons in the hippocampus. From these 
studies it is tempting to speculate that at its early stages AD is a disorder of abnormal 
postsynaptic trafficking and synapse dysfunction. 
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1.6 Scope of the thesis 

Synaptic plasticity is thought to be the cellular basis of learning and memory. 
The regulation of synaptic plasticity is a complex system in which many basic cell bio­
logical pathways are involved. Different postsynaptic signaling routes affect the shape 
of the spine by regulating actin cytoskeleton dynamics or synaptic strength by control­
ling receptor trafficking. This thesis aims to address the following questions. What are 
the molecular mechanisms underlying spine morphology and synaptic receptor traffick­
ing? 
In chapter 1 we give an overview of the current knowledge of excitatory synapses. 
spine morphology and molecular processes involved in synaptic receptor trafficking. 
In chapter 2 we show that microtubule plus ends decorated with EB3 enter dendritic 
spines and can modulate spine shape. These data provide a new mechanism for den­
dritic spine morphogenesis and synaptic plasticity through a novel signaling pathway 
that connects dynamic microtubule and actin cytoskeleton. 
ln chapter 3 we show that GRASP- 1 connects early and late recycling endosomal 
compartments by bringing together Rab4/Rab !!-positive membrane domains with the 
fusion machinery, providing a new mechanism to achieve specificity and directionality 
in neuronal membrane receptor trafficking. 
In chapter 4 we show that deficits in spine morphology are an important aspect of 
Fragile X syndrome. This syndrome is caused by a mutation in the gene FMR I which 
leads to an absence of functional FMR.P. We show that lack of FMR.P in neurons leads 
to an altered spine morphology in Purkinje cells in the cerebellum of mice. These cel­
lular changes cause cerebellar dysfunctions which lead to motor learning deficits, that 
are also found in Fragile X patients. 
In chapter 5 we discuss the results of the studies described in this thesis. 
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SUMMARY 

Dendritic spines are the major sites of excitatory 
synaptic input, and their morphological changes 
have been linked to teaming and memory processes. 
Here, we report that growing microtubule plus ends 
decorated by the microtubule t ip-tracking protein 
EB3 enter spines and can modulate spine 
morphology. We describe p140Cap/SNIP, a regulator 
of Src tyrosine kinase, as an EB3 interacting partner 
that is predominately localized to spines and en· 
riched in the postsynaptic density. Inhibition of 
microtubule dynamics, or knockdown of either EB3 
or p1 40Cap , modulates spine shape via regulation 
of the actin cytoskeleton. Fluorescence recovery 
after photobleaching revealed that EB3·binding is 
required for p140Cap accumulation within spines. 
In addition, we found that p140Cap interacts with 
Src substrate and F-actin-binding protein cortactin. 
We propose that EB3·1abeled growing microtubule 
ends regulate the localization of p140Cap, control 
cortactin function, and modulate actin dynamics 
within dendritic spines. thus linking dynamic micro­
tubules to spine changes and synaptic plasticity. 

INTRODUCTION 

Dendritic spines are membr::>ne protrusions that are the major 
sites of glutam::>terglc presynaptic Input In the mamm::>ll::>n 
centr::>l nervous system. Although sm::>ll In size (up to ::> few 
microns in length). spines ::>re motile and remarkably diverse in 
size ::>nd sh::>pe. r::>nglng from tong, thin fllopodio-llko protrusions 
to mushroom-shaped spines (Harris and Koter, 1994; Hering and 
Sheng, 2001). Nearly all dendritic spines contain a postsynaptic 
density (PSD). a complex matrix of postsynaptic receptors. 
signaling molecules and cytoskeletal proteins involved in post· 
synaptic signaling and plasticity (Kennedy et al .. 2005: Sheng 

and Hoogenraod. 2007). The strong correlation between the 
size of the spine and the strength of the synopse m::~kes spine re· 
modeling an attractive structural mechanism underlying teaming 
and memory (KoS;li et ::~1. . 2003; Lamprecht and LeDoux. 2004; 
Yuste ond Bonhoeffer, 2001). In :lddltion. severo! humon ment::~l 
retardation syndromes hove been linked to altered spine 
morphology (Hering and Sheng, 2001 : Koufmonn and Moser, 
2000; Newey et al., 2005). 

Biochemical events thot regul::>te dendritic spine remodeling 
are poorly understood. It Is generally believed that changes In 
spine morphology ::>re based on rearrangements of the octin 
cytoskototon (Ethel! and Pasquale, 2005; Motus, 2000; Tada 
and Sheng, 2006). Within spines. ::~ctln Is present as a soluble 
pool of monomeric G-actln and as polymerized F-actin filaments 
that confer the characteristic spine shape. Multiple signaling 
pathways. particularly those Involving small GTPases of the 
Rho and Ras family, control actin organization (Ethel! and Pas· 
quote, 2005; Newey et ol .. 2005: Tod::> and Sheng, 2006). 
Recently, members of the Src family of non-receptor tyrosine 
kin:Jses were also found In dendritic spines and implicated In 
spine reorganization. most likely through controlling actin poly­
merization (Morita et al., 2006; Webb et at .. 2007). However. it 
remains unclear how different signal transduction pathways 
converging on the actin-based processes within spines are coor­
dinated. 

There Is strong evidence th:lt in non neuronal cells the microtu· 
bule (Mn cytoskeleton serves as a primary spotlol regul::~tor of 
cell shape. MTs are highly dynamic ond can Interact with actin 
in areas of cellular growth or reorgonization during cell d ivision, 
polarization. and migration (Rodriguez et ot., 2003; Siegrist ond 
Doe. 2007). In developing neurons. the octin and MT cytoskel­
eton olso act together to guide ond support the growth and 
differentiation of axons and dendrites (Dent and Gertler, 2003). 
In contrast to these well-studied examples of MT -actin cooper­
atlvlty. It is widely occepted thotln dendrites of mature neurons 
the two cyloskeletal domains are spatially separated: while octln 
filaments ::~re predominately concentroted in spines. st::~blo MTs 
are confined to the dendritic shaft and do not branch off Into 
spines (Matus. 2000). This view Is based on ultrastructurol ond 
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fluorescent Imaging studies showing that MTs and MT·associ· 
ated protein 2 (MAP2) are absent from dendritic spines (K:lech 
et at., 2001; Landis and Reese. 1 983). While this revealed that 
stable MTs. decorated with MAP2. are predominantly present 
as bundles in dendritic shafts. it Is currently unknown whether 
dynamic MTs 3re involved In the regul3tion of dendritic splno 
morphology and synaptic pbsticity. 

Dynamic MTs can be distinguished from stable ones by 
a number of m3rkors; In particular. growing MTs specifically 
accumulate a set of factors known as MT plus· end tracking 
proteins. or +TIPs at their ends (Akhmanova and Hoogenraad. 
2005). +TIPs oro thought to be important for cross· talk between 
dyn3mlc MTs and actin (Basu and Chang, 2007: Rodriguez etal. . 
2003); moreover, they can be used os tools to visualize growing 
MT ends even within dense MT networks (Morrison ot at .• 2002: 
Stepanova et 31., 2003). Among +TIPs. proteins of tho EB f3mlly 
directly interact with the majority of other known plus-end 
binding proteins 3nd have boon implic3tod as key regulators of 
MT ·assocl3ted sign:! ling pathways (Jaworski et31., 2008; l..:lns· 
bergen 3nd Akhm3noV3, 2006). 

Here. we use a t:uge variety of biochemical, cell-biological, 
and quantltat•velhigh-resolutlon microscopic approaches to 
determine the potential role of +TIPs in spine morphogenesis. 
We show that dynamic EB3 positive MT plus ends can enter 
dendritic spines. are required for controlling the levels ofF-actin 
within the spines, and are essential for the maintenance of spine 
morphology and mature synopses. Furthermore, we found that 
p140Cap, a regulator of Src tyrosine kinase, ossoclates with 
EB3 and F-actin binding protein cortactin. We propose o model 
In which EB3 regulates spine size by modulating the turnover of 
pt 40Cap In spines. thereby altering actin dynamics through the 
regulation of cortactln. 

RESULTS 

EB3 Expros:>lon Increase:> d uring Nouronal M:lturatlon 
Sovoml +TIPs have beon shown to localize to MT plus ends In 
developing neuronal cells (reviewed In Jowor.;kl et al.. 2008). 
However, very little is known about localization and function of 
+TIPs in mature neurons. To Identify +TIPs abundant in hlppo­
c3mpal neurons at the time of spine maturation we probed 
western blots of homogenates of cultured hippocampal neurons 
for different +TIPs (Figure lA and data not shown). Most +TIPs 
analyzed were 31ready expressed at in vitro d3y 3 (DIV 3) and 
slightly Increased during neuronal development. However. EB3 
w3s undetectable In young neurons (<DIV 7) and began to 
elevate throughout development with the strongest expression 
in more mature neurons (>DIV 1 7) (FJQure 1A). This Is consistent 
with high levels of EB3 expression In vivo In the adult hippo­
campus and cerebral cortex compared to embryonic and post­
n.ltal st3ges (Figure 1 B). 

Next. we st3ined different stages of developing and mature 
hlppoc3mp31 neurons (from DIV 3 to DIV 21) with 3ntibodles 
against the three mammalian EB family members. EB1. EB2. 
and EB3. While anti-EB2 antibodies produced no clear pattern 
(data not shown), EB 1. 3nd EB3·speciflc st3ining 3ppoared as 
dashes or comets. which have been shown to correspond to 
growing MT tips in numerous studies (Komarova et at., 2005: 

Stepanova et at., 2003). Interestingly, EBt and EB3 displayed 
different development31 patterns: EB 1 -positive dashes were 
clearly visible In young hippoc3mpal neurons at < DIV 7 but not 
In m3ture cells. whereas EB3 immunoreactivity was hard to 
detect in developing neurons but was highly prominent In mature 
neurons at > DIV17 (Figures tC, 1D. t F, S1A, SIB, and SID). 
High levels of EB3 expression correlate with fully developed 
neurons with mushroom-headed spines positive for the postsyn­
aptic marker PSD-95 (Figures StC and St E). The lack of 
changes In EBt expression by lmmunoblot (Figure tA) can be 
3ttributed to the abundance of EB1 In gli.ll cells in bOth devel­
oping and mature neuronal cuttures (Flgure 1 F). 

The robust switch In EB family proteins during neuronal devel­
opment is most likely regulated 3t the level of gene expression. 
To test whether reduced EB3 expression is able to Induce EB1 
levels In older neurons, we used DNA plasmid (pSuper)-based 
RNA Interference to knock down endogenous EB3 (Komorova 
et at .. 2005). Dissociated hippocampal neurons In culture at 
DIV13 wore transfected with EB3-shRNA together with ~-gai3C· 
tosld3se (~·g31) , to highlight shRNA expressing cells. Four d3ys 
after transfect ion. the EB3-specific 3ntibody showed -90% 
reduction in staining intensity In neurons tr3nsfected with the 
EB3-shRNA construct (Figures 1 E and 1 G). EB 1 staining was 
unchanged In neurons transfectod with EB3-shRNA (Figures 
1 E and 1 G), indicating that EB 1 expression is not Increased by 
reduction of EB3 levels. We conclude th3t EB3 proteins levels 
are steadily Increased during neuronal development and Its 
expression 3nd 3bund3nce at MT tips peaks In mature neurons. 

MT Plus End~ Labe led with Enclogenou~ EB3 
or EB3-GFP Enter Dendritic: Spino~ 
Next. we ex3mined in deto•l tho subcellular distribution of EB3 In 
mature dendrites. Cultured hippocampal neurons (> DIV 17) 
st3ined with EB3-specific antibodies showed characteristic 
comet-like MT plus-end patterns (Figure 2A). Similar to non­
neuron31 cells (Figure S2A) (Mimori-Kiyosue et at., 2000), block­
ing MT dynamics by the 3ddition of 200 nM nocodozole 
completely 3bollshed EB3-positive comets (Figures 2B and 
S2E: Step3nova et at .. 2003). This effect was specific, since 
the MT network was still present. as indicated by MAP2 and 
tubulln costalning (F'JQures S28 and S2C): EB3 3nd tubulin 
expression was unchanged (Figure S2F) 3nd polymerized MT 
levels measured by tubulln pro-extraction (He et 31.. 2002) 
were not significantly affected (Figures S2C and S2D). As ex­
pected (Mimon-Kiyosue et ol.. 2000: Stepanov3 et 31., 2003). 
treatment with a low dose of taxol (200 nM) showed similar 
effects (Figures S2B-S2E). T3ken together. these resuits 
suggest that in mature neurons endogenous EB3 speclflc3lly 
associates with the ends of growing MTs. 

Aithough present In axons, EB3 st31ning was predomin3ntly 
localized within the dendritic comp3rtment. os revealed by the 
dendritic marker MAP2 (Figure 2A). However. to our surprise. 
EB3-I3beled comets occasion311y extended beyond the 
dendritic sh3ft (arrowheads In Figure 2A), overl3pped with the 
synaptic marker Bassoon (arrowheads In Figure 2B) 3nd loc31-
lzed within the dendritic spines visualized In ~-gal filled neurons 
(Figure 2C). At DIV 17, we observed th3t a sm311 fraction (on 
aver3ge 4%) or dendritic splnos cont3lned endogenous EB3 
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(E) Ropro~ontatfvo Imago::~ of hippocampal n¢uron::~ tron::~loctod 

at OIV 13 with control pSupor \IOCior or EB3-:JhRNA and doubto 
tnbOiod with anti-EB1 or onti-EB3 antibody (groan) and for cotran:J ­
foctod P-gol (rod). Nontran::~foctod nouron:l.uo tndlcatod by an opon 
o:.tori::~k. 

(F) Ouantltlcotlon ~ EBl nnd EB3 lmmuno:Jt:Jinlng lnton:tltlo::. (a~ 
arbitrary unlt:l) ln dondrlto:J of hlppocam~l neurone and glial col!!; 
In tho :lnmo culturo at OIV 7 and OIV 1 7. 
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(G) Ouantlflcotlon of EBl and EB3 lmmunootnlnlng lnton51Uo:. 
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OIV 13 for 4 days with control p$upor vector, ESt-:.hRNA, E83-
!lhANA, or a combination of E81-:lhRNA ond EB3-chRNA. E83 
lnton::.ity In nouron: 1: normalized to dondr•tlc E83 ::t:~.lnlng 1n 
pSupor control nouron:.. EB 1 lntomJity In nouron:J 1:;. normotl zod to 
EB1 :Jtalnlng In gHat coli:::.. ···p < 0.0005 . 

observed bldirectlon~l displ~coments of EB3-GFP 
comets In hippocampal dendrites. whereas In axons 
the movements wero unidlrectlon~l . reflecting different 
MT org~nlz~tion In axons and dendrites (Jaworski 
et ol.. 2008; Stepanovo et al.. 2003). The average 
velocity of EB3-GFP movement In m~ture hippocampal 
neurons was 0.12 :t 0.03 ~m/s (me~n :t SO; n > 500) and 
1.8-fold lower than previously reported for young 
neurons (Stepanova et ~1 .. 2003). Although most EB3-
GFP·posltive comets moved along the dendritic shaft, 
a number of EB3-GFP dashes entered the spines and 
dls~ppe~red close to the head of the spine. most likely 
because of MT catastrophe (Figure 2E; MovieS 1 ). EB3· 
GFP comets could target numerous spines on a single 
dendrite (Movie S2) or repeatedly enter the same spine 
(Figure 2F; Movie S3) . 
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Overexpression of EB3 resulted In even distribution 

along the MT lattice (Komarova et al., 2005) and 
showed a significant Increase of EB3-posltive MTs 
pointing Into the dendritic spines Md colocallzing at 
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st~lnlng. Among these. mushroom-sh~ped spines were slightly 
more frequent than thin filopod!~ ; the few EB3-positlve filopo­
dia-like protrusions were typically long (>5 fLm) and could repre­
sent newly forming dendritic arbors (data not shown). These data 
lndic~te th~t MT tips decorated with endogenous EB3 c~n enter 
dendritic spines. 

To confirm this remark~ble finding, we used the Semllkl Forest 
virus (SFV) to deliver EB3-GFP to mature (DIV 21) hippocampal 
neurons In culture nnd nn~Jyzod Its dynamics by live cell imaging. 
In cases when the expression level of EB3-GFP was low. we 

their tips with synaptic markers (Figures 20 and 7F). 
Quantification revealed th~t EB3-posltlve MTs could be detected 
in -30% of dendritic splnas In EB3-GFP overexpresslng 
neurons. Together these data indicate the presence of EB3-
Iabeled MT tips In dendritic protrusions of mature neurons. 

Dynamic M T:; Affect Synaptic Pl~stlclty and Spino 
Morphology In Hippocampal Slices 
What Is the function of dynamic MTs In mature neurons? To 
address this question. we utilized low concentrations of nocod~­
zole to Inhibit MT dynamics (Figure S2) (Mimorl-Kiyosue et ~1.. 
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Figuro 2. M T Plu~-End-Bound EB3 Enter:) Oondritlc 
Splooo 
(A) Roprooontat lvo Imago:; of r~u hlppocom~J nourono (OIV 
17) double l.obOiod with rabbit onti-EB3 antibOdy (groon) And 
I'T'l()I.J!;O ontt-MAP2 :.nhbody {rod). Only tho morgo I~ o.hown in 
color. OondrtUC :JOOmont~ ~owor ~nob) oro oniDIOod to 
~w tho locoll::otlon of EB3 and MAP2. Arrowhoado lndlcato 
E83 comoto out!l~o tho dondrlllc :.halt, Sc.lto bor, 10 ••m. 
(8) Oondrltoo ol htppocompol novrono lobolod with robb•t ont I· 
EBJ antibody (Qroon) ond mou-..o onti·Boo::oon (rod). krow· 
hoooo Indica to colocollzatlon bOtwoon E83 and Bo~n. 

(C) Hippocampal nourono tronoloctod at OIV 13 with ~~ol 
con~truct to v•oualt::o noUtonal morph<)'ogy and lobOlod wtt h 
t:~bblt ant•·EB3 ontlbOCiy (grooo) ond rnou-"....0 ontH}..g:ll (rod). 

Arrowhoneb lndiCDto ondog()f'l()v.l EB3 10 dondntlc Opino:> . 
(D) Hlppocnmpol nouron' tron:liiOCtOd :n DIV 13 wtth EB3-GFP 
and lobolod wlth rnou:lO Ql'ltl-Ba::.ooon (rod) . Arrowhood:li lndl­
coto eoaoeoll:od EB3-GFP w tth ~-

(E ond F) Tlmo-kl~ rocord11'lQ~ of EB3-GFP-If"lfoctod nouron:. 
:mowlno ono (E) and muiUplo (F) EB3-GFP eomot~ ponotratlng 
Into ~no:~. Flr':lt lmogo In oil thtoo rows :mow:) neuron 
morphology obtalnod by ovoroglng oil lromo:. from tho tlmo­
LDp~ rocordii"'Q. Sub:)oquont 1~ Mow IOw·P'):i.:l·flltorod 
tlmo :lOMM"' row 1, low-p::.~-fl ltorod tlmo oor100 with ovorogo 
of olllramo' :llubtractod and dondrltoouttlno trncod In yotlow In 
row 2. and a morgo ol row 2 and tho avorngo of n.U lr~ In 

row 3. SeoiO Dot 1:. 1 ,,m, hmo '" ~ond!l . 

mouse hippoc.lmpal slices. High-frequency stimu­
l~tlon In the hippocamp~l CA 1 ~re~ in control slices 
caused ~ tr~nsient ~nd highly robust posttetanlc 
rlse In tho slope of tho field excitotory postsynaptic 

F -... IL.~ ..... ~-..~ ..... ~h.~ h.. ~ ... tL .... 
;--z~ ... -z--~ ~-z --z ~-<( -~ --z ~-z ~-z ~-z ~-z --z. ~ ~~ 

potenti~ls (fEPSP) followed by~ svstalned Increase 
In the synaptic response (Figure 30). This stable 
syn~ptlc potentl~tlon was significantly suppressed 
in slices treotod with 200 nM nocodazole 
(Figure 30). Synaptic responses were depressed 

. . . . . . . . . 
a ::a c. '!I' ·~ ·~ ,.. ;.,:· ::1~ -r. ~ ~, Y y, .c "' 

2000; Vasquez et ::tl., 1 997) and ~bollsh the binding of EB3 to MT 
ends In brain slices. We used organotyplc slices of !he hippo­
c::tmpus blollstic~lly transfoctod with GFP to visu~lize neuron::tl 
morphology. CA 1 neurons of hippocampal slice cultures treated 
for 4 hr with 200 nM nocodazolo lost most of their mushroom­
he::tded spines and Instead displayed filopodia-like processes 
with reducod heads both on the apical and basal dendrites 
(Figure 3A). Next, dendr~lc protrusions were classified as filopo­
dia-shaped protrusions and mushroom-shaped spines based on 
the r~tlo of spine head width to protrusion length (see Experi­
mental Procedures). Nocodazole treatment decreased tho 
number of mushroom-headed spines and Increased the number 
of filopodia (Figure 38), while the tot~l number of dendritic 
protrusions was unaffected (Figure 38). Nocodazole did not alter 
cell soma circumference, dendrite longth, or dendrite width 
(Figure 3C and dat~ not shown). 

Since several studios have demonstrated a strong correl:ltlon 
betwoon defects In synaptic pl~stlclty ~nd abnorm~litles In 
dendritic spine morphology (Yuste and Bonhooffer, 2001), we 
next tostod the effect of low doses of nocodazole on long-term 
potentiation In the Sch~ffor coilatero.I-CA 1 pathway in acute 

to almost baseline levels after 2 hr exposure to 
!he drug (Figure 30), suggesting a link between dynamic MTs 
and synaptic plasticity. ContrOl experiments show no decline In 
fEPSP size 2 hr after nocodazole treatment. Anhough wo cannot 
exclude that nocodazole treatment has an Indirect effect on the 
synaptic response. It seems likely that the defects in syn.:.ptlc 
plasticity In the absence of dynamic MT s are secondary to the 
disruption of spine/synoptic arch~ecture. 

EB3 D<lplotlon Causes Spino Loss 
To lnvestlg~te the rel~tlonship betwoon dyn::tmlc MT sand spines 
In moro detail, wo again switched to dissociated neuronal 
cultures. At DIV 17, control neurons exhibited mostly mush­
room-sh~ped spines (Figure 4A). Treatment with low doses 
of nocodo.zole (200 nM, 4 hr) did not affect the total number of 
dendritic protrusions, bul m~rkedly reduced the number of 
spines and Increased the number of filopodia, similar to the 
effects observed In slices. Loss of spines was already visible 
after 2 hr of nocodazole treatment but was not delectable within 
30 min of Incubation (data not shown), lndic::ttlng that dyn~mic 
MTs Influence the m::tlntenance of mature spine morphology 
with rel:ltlvely slow kinetics (>30 min). Consistently, nocodazole 
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Flguro 3. Dynamic MTc Aro Roqufrod for Syn3ptic TronGmlcclon 
nnd Spino Maintenance in Hlppocomp:ll Sileo:. 
(AJ Ropro~nt.o!lvo !mogo:l ot OO:lOI and ap.col doodrlto: from CA 1 pyromldol 
nouron!l In hlppocompQI ::Bco cul!uro::. trom P7 rot' tronnloctod w1th GFP 
and lncubotod lor 4 hr with 200 nM nocodozolo. 
(B) Quontlflcotlon of numb<lr of protrunlon!l por 10 11m M~l ond oplcol 
dondrlto!l In pyromidal nouroM troatod a:: In (A). H1::togram ::how:: mo:1n :t 

SEM, 'p < 0.05. 
(C) Ropro::ontotlvo Imago of CA 1 pyromldol neuron In hippocampal !lllco 
cuJturCY.. from P7 rat:: tran::~loctod with GFP and lncubatod for 4 hr wtth 
200 nM nocOdozolo. Scala bar, 10 11m. 
(0) Happocompallong-torm potontiotlon •nducod by hlgh-lroquoncy :.tfmulo· 
tfon. MouM hippocampal ::tlcoo woro troatod wlttl vohlclo (control) or 
200 nM nocoda~olo for 1 hr botoro ond dur•ng rocord•ng. Sub!loquontly, 
IEPSP:: woro rocordod at 0.0, 66 Hz !rom CA 1 dondrlllc flold~ upon Schcaffor 
CoHntoral :;tlmullltlon, Attor 20 m1n of bo::ol1no rocord1ng:., !>llco::o woro ::tlmu· 
tatod u::~ng hf9h-troquoncy ~tlmu!.:lllon (1 ~ nt 100 H;:) followed by 60 m1n of 
IEPSP rocordlng at 0.0156 H;: . 

washout for 3 hr restored normal spine morphology (Figures 
S3A- S3C), Indicating that the effect on spines is reversible and 
most likely due to reduced MT dynamics. 

The effect of nocodazole on spine shape might be explained 
by the loss EB3 from MT tips. To test this Idea. we used RNA 
Interference (RNAi) to suppress endogenous EB3. Hippocampal 
neurons transfected at DIV 14 for 4 days with EB3-shRNA 
(Figure 1) did not significantly affect the number of protrusions 
but resulted in a spine phenotype similar to that Induced by 

nocodazole treatment: namely, a loss of mushroom-headed 
spines and an increase of thin, long filopodia- like spines (Figures 
4A-4C).In contrast, overexpresslonofEB3-GFP Induced a robust 
Increase In the number of mushroom spines (Figures 4A-4C), 
suggesting that increased MT targeting might change spine 
morphology. No effect on spines could bo soon with expression 
of other MT binding proteins, such as CLIP-115 and MAP2c or 
treatments with 2 ~M of the MT stabilizing drug Taxol (Figures 
S3D-S3F). Moreover nocodazole treatment prevented the EB3-
GFP effect on spines (Figures $3G-$31), implying that the interac­
tion of EB3 with MTs Is necessary for spine growth. 

EB3-GFP Entry in Spino~ Accompanies Spino 
Enlargomont 
To explore the relationship between EB3-GFP entry and spine 
growth. the spine area of preexisting spines was monitored for 
extended periods (> 1 0 min) before and after EB3-GFP comet 
entry. On average 10% " 7% (mean ± SO, n = 227 spines in 
12 neurons) of the spines were targeted by EB3-GFP within 
a 1 0 min time frame. We rarely observed a decrease in spine 
size correlated with EB3-GFP entry. whereas often spine growth 
was observed after EB3-GFP entry (Figures SA-SC: Movie S4). 
Detailed analysis of several events (n = 20 spines) revealed 
that 60% of the spines have a >20% increase in spine growth 
upon EB3 entry under basal culture conditions (Figure SF). In 
contrast. control spines that existed throughout the imaging 
without E83 entry events show only a slight variation In spine 
size: only 15% of the control spines showed >20% Increase In 
spine area. Typically, the increase In spine size Is correlated 
with just one or two entries of EB3-GFP (67% of spines) 
(Figure SE), or occasionally repeated movements or E83-GFP 
in the same spine (Figure 50). We did not find a correlation 
between the number of comet entries (within 3 min) and subse­
quent changes In spine size (dat::~ not shown). Consistent with 
the changes in spine shape found in fixed cells (Figures 4A-
4C), these results demonstrate th::~t the entry of EB3-GFP deco­
rated MT tips Into dendritic spines is associated with spine 
growth, further Indicating " role for MT targeting in spine 
morphological plasticity. 

EB3 Rogulatos Act in Dynamics within Spines 
Since +TIPs have been implicated in the regulation of actin re­
modeling in various systems. we next tested If altered spine 
shape was correlated with actin reorganization. Consistent 
with previous studies. In control DIV 17 neurons, F-actln ap­
pe::~red as patches and puncta along the dendrites and was en­
riched in the heads of dendritic spines (Figure 4A). Nocodazole 
treatment or expression of E83-shRNA resulted in a pronounced 
loss of F-actin from dendritic protrusions (Figures 4A and 40). 
Conversely, expression of EB3-GFP increased F-actin abun­
dance (Figures 4A and 40). 

To extend this observation, we treated control and EB3 knock­
down neurons with two actin-directed drugs, l::~truncu lin 8 and 
jasplakinolide, that are known to shift the equilibrium toward 
G-actin and F-actln. respectively (Okamoto et al., 2004). Tre::~t­

ment of EB3-shRNA-transfected neurons with latrunculin 8 
(10 ~·M. 2 hr) showed a further Increase in filopodia and decrease 
in spines compared to nontreated E83-deflclont or control 
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Agut'Cl 4. MT Plu~·End-Bound E83 Rogulnto:l Actin Oyn:~mic:l within Spine: 
W Hlgh-magnlhcahon 1~ ol dondrn~ of hlppoc01mp.11 nouron:; tr~foctod ot OIV 131or 4 do)" with tho control pSupor voctor. EB3-:~ohRNA, or E83·GFP or 
troo.tod with 200 nM nocodo;:~o for 4 hr ond doublo-labolod with phollofdln-A594 and tho cotronGfoctod (}~ol (rod) to VIGUOit:o thO nouronol morphoiOOY· 
(B) Ou:mllhclltlon of number of protn.olore por 10 um dondrlto:~., hlppocnmpal nouron!l tromloctod at OIV 13 w~h tho control p$upor voctor, E93-~RNA. or 
EB3-GFP or tro.otod "Mth 200 nM nocoda.:olo lor 30 min or 4 hr. Hl:.tOQr4m:; ~w moon l: SEM. •p < 0.05. 
(C) Porcontogo ol :;p.no!l (C) of hlppocompol neuron::. tran!lfoctod and troDtod ao lndleotod In (B) , 
(0 ) Ou.nnt1flc.otlon or ph:~tloldln lmmunootolnlng lnton~tl® (o:; D.rbltrary unlto) In dondrlto:) of hlppocD.mpol nouron trnnoloctod ones tro.:atod ;a:; lnchcotod tn (B). 
(E) Ov,:,nt•1K:.:l110n ol thO numbor of protr~.~:!Or'tl por 10 ~m dondrlto:;"' hippoeompol nouron:. tr~foctOd ot OIV 13 with control pSupor voctor or EB3·!fhRNA, 

olthOr untroatod OllroatOd with 10 ~M lotrunculll B Of 10 .. M ~pbkinobdo lor 2 hr. 
(F and G) Porcontogo of :,plnoo (F) and fllopodlo (G) In hlppoeom~Xll noi.Xon:; trnn~loetOd ond lrootOCI o~ lndlcotOd In (E). 

neurons (Figures 4E-4G). On the other hand, treatment of E83-
depleted neurons with )asplakinolide (1 0 ~M. 2 hr) rescued the 
EB3 knockdown phenotype {Figures 4E-4G). These data 
support the Idea that the MT plus-end-bound E83 regulates 
actin dynamics within dendritic spines. 

p140 C:>p Bind~ to EB3 :>nd Assocl:>tes w ith Growing 
MTEnds 
To Investigate the mech:>nlsm by which EB3 influences the actin 
cytoskeleton In spines, we searched for EB3 binding partners In 
hippocamp:>l neurons. Wo performed glut:>thione $-transferase 

(G$1) pull-down assays with extracts from primary hippocampal 
neurons (DIV 21) using GST-EB3 fusions and analyzed the iso­
lated proteins by mass spectrometry. Among the proteins which 
were highly enriched in the GST -EB3 pull down and not present 
in the control GST pull down. were several known +TIP partners 
of EB3. such as CUP-1 I S and CLASP2 (reviewed In Jaworski 
et al.. 2008: lansbergen and Akhmanova, 2006) (Table $1). 
The most significant novel hit In this experiment was p140Cap 
(also known as SNIP: SNAP-25 interacting protein) (Chin et al .. 
2000) (Figure GA: Table $1). p140Cap is o recently discovered 
Src-binding protein which inhibits Src kln.lse act1vity, regul:>tes 



A 

c boforo flrtl. ovont nf\or taM ovont 

2.0 

~ 15 .. 
~ 1.0 .. 
l 0.5 

Cl) O.O boforo fr..t ovont 

~-.::22,6.=·3,05,__ 
ol'lorln!it ovont 

0 50 100 150 200 250 300 
T1mo (>OCOOdo) 

-control F 
- EB3ontry r---, 

E 

}::1 r::;;~ ::1 -~M .. ~.,, I 
l~:t\t~: --~ - ·-~ :~r~~~~ 

1.0 

0.8 

o 2 ~ o e 10 12 ~ ~ o 2 ' e e 10 ~ w 16 

g 0.6 
:;: 
~ 0.4 
.Q 

E~~~ 
r/) 

10 o 2 .. n e 10 12 141 16 °'4 ~o-,-,-,--,.,---...,.,.-.,,o,.-,"',-,.:---',. 

~ 0.2 

0.0 

Timo (m~nuto~) Tlmo (mlnuto:o} 
slzo ortor I size bcrore 

Flguro 5. EB3-GFP Entry Into Oondrltlc Splnoo lo Asoociotod with Spino Growth 
(A) Avorago ~plno morphOlogy obtotnod ~Y ovorog!ng tho tlmo·lap~ rocordlng, ovorla•d with tho trajoctorlo:l of E83·GFP comet~ dotoctOd during thO recording. 
F'rogro~lon ot tlma I:~ color cOdOd from dark to tight and c•rclo~ lndlcato ond of trajoctono:~.. 
(8) Imago ropro~ting thO lnton:lty ~tondord dovlatJon por pfxol. ovor1ald with trojoctor~C:l ot EB3 comob. Bright roglon:l h:avo V:ll)'lng lnton~bo:l duo to moving 
E 83-GFP comob ond ~plno growth. 
(C) Ou:ult•tntlvo cho1ngo:. tn ::.plf'IO woo. AVOI'OQO otHno OT«l of 80 lr~ bOtoro/ottor tho lntllo:.t EB3-GFP comot ontorklg tho :::.p$n0. ro:.pocuvOiy. Tho oinoty 
~ lor moo:oortng ~plno ~o 1~ ~wn 111 roes. 
(0) Tlmo troco or ~~no toto! lnton:.lty (uppor ponof) ond ~plnO tot:ll won (Sowot' pnnol) lor 300 :. (5 nwl). lrnngo:o woro tal<on ovory 1 :.. Anow-:. lndl~to ovont:. oc 
ontortno EB3-GFP comot:., COtro:opondlng with tompornnty tncron:.od lnton:Jt~. 
(E} Examplo::i of ~.no growth upon EB3·GFP comot ootry. Ropro:;,ontotlvo trtteo:l or :J.plno :>l:o:. w1th ~ott) or withOut (right) EB3 ontry (Cloplctod by :urovr,)) ovor 
longor Umo (16 m1n). lmngo~ woro tokon ovory 2 o to ro::.olvo oU EB3 ontry ovont:.. Evory throo con~utivo lrnmoo woro :~.vora9Qel to onhanco vl~lbiUty. 
(F) Cumul:~tlvo proba.Oillty d1~tnbutK>n or tho r:~.tlo or ::.plno ::~l:o boforo nn(j ottor E63 ontry (rod tlno, n • 20}, comporod with control oplnoo wtthout EB3 ontry (ratio ot 

aplno olzo altar 10 and 5 min, :oo method:~. n • 20). 

the ~ctln cytoskeleton and suppresses tumor growth (01 Stefano 
et al., 2007). To confirm the inter~ction of p140Cap with EB3 ~nd 
other EB family members, we performed GST pull down ~ssays 
with extracts of HEK293 cells expressing GFP alone or GFP­
P 140C~p. While GFP alone did not lnter~ct with ~ny GST fusions 
(dat~ not shown), the full-length p140Cap (amino acids t-1216) 
strongly associated with ~II members of the EB family ~nd GST­
EB1 C terminus but not with GST alone or GST-EB1 N terminus 
(Figures 68 and 6C). This Is in line with the data on other EB 
binding partners. which all bind to tho C-tcrminal portion of the 
protein (reviewed In Jaworski et ~1.. 2008; L<lnsbergen ond Akh· 
manova, 2006). By expressing truncated versions of GFP­
p140Cap (Figure 6A). we m~pped the minimal EB·blndlng region 
of p140C~p. While the l~rge N-tormiMI P'lrt of p140C~p (:lmino 

acids 1-1164) did not Interact with any EB proteins, the short 92 
amino acid C-termin~l roglon of p140Cap (amino acids 1124-
1216) bound to all three GST-EB fusions (Figure 68). It is likely 
th:lt the positively ch:uged SIP-rich region within the C terminus 
of p140C~p Is Involved in associating with the EB C terminus. 
because similar domains within other EB-binding p~rtners 

have also been implicated in this function (Jaworski et al.. 
2008; L<lnsbergen ~nd Akhmanov~. 2006). The interaction 
between EB3 and p140Cap under physiological conditions 
was confirmed by colmmunopreclpitatlon of endogenous 
proteins from synaptosome fr~ctlons (Figure 60). In the s~me 
experiment, p 140Cap w~s ~lso able to colmmunoprecipitate 
Src kinase (Figure 60). consistent with the dat~ from tumor coils 
(Oi Stef~no et al., 2007). 
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(A) Ologrom of p14~p ~tructuro ond mutMI con~tf'\JCl~ {GFP too w~ p!D.cod ot N tormlnv..). P-Tyr, ~trotch of ~horylotod tyro=-lno ro~uoo.; P, prollno.rlch 
OOmoln; CC, c0110d coli; EB, m'"Jmol EB·blndlng ~ln. Tho ~ond ptoa.no.nch roglon bind:; to Src klno:.o. 
(8) GST pull-down 0~2~ with tho lndlco:~tod GST fu:~~ and oxtroct~ of HEK293 con~ ovoroxpro~lng GFP-p140Cop, GFP-p140C:~p(1-1164), or GF~­

p14C>C.:lp(1 1 24-1216). GFP lu:otem~ woro dotoctOd by wo::nom biOtti'\g wlth onhbocho!l ogoln~t GFP. 
lC) Coomo::.::.IO·:IIOinOd gob oro o.hown lor GST fu::.lon!l. 

(0) lmmunoprocipltotlon lrom mouo.ocrudo :yn.opto:lOmo:;. w~h antl-p140Cop or ont•·EB3 anflbodloo. and pro1mmuno :.orum (pro} O::l noootlvo controt Throo mUU­

grom::~ of tho crudo O.yn.lpto~llrnchon (lt'lput • 50 ~g) woro lmmunoptoclpitntod and onnty:od by ~tom bk>nlng lor lndiCOtOd prototn:. 
IE) COS·7 cono woro lranotactod w•th GFP·p140Cop (groon), mothanol tlxod and otolnod lor ondogonou:> EB3 (blvo) ond F·actln. by f)holtoklon·A594 (rod). Tho 
~~~~:.how onl:ugomont:. of tho bo)lod oro.a. Tho morgo of GFP-p14()Q)p ond ondogonou:J. EB3 (groonlbluo) and GFP·p1 40Cop/EB31F·octln (grOOfll'bluo/ro<f) lo 
~wn. Sc.olo bar, 10 11m, 

(F) S1mult anoou~ Imaging of GFP·pl40Cap {groon) and EB3·mRFP (rod) ln tr.on:.loctod MRC5·SV collo. Succo:.olvo l ramo:J. .oro ~wn, Tmo ~ lndlcotod ~tho 

rT'\Of'QO ponol. 

Next, we Investigated the localization ofGFP-p140Cap in non­
neuronal cells. As previously observod (DI Stefano et al .. 2007). 
GFP-p1 40Cap localized throughout the cytopl::tsm and showed 
::t modost coloc::tliz::ttion with F-::tctin (Figure 6E). In addition, 
we observed GFP-p140Cap-posltlve comet-like structures. 
which coincided with some of the MT plus ends labeled for 
endogenous EB3 (Figure 6E). Further indications of an interac· 
tlon between the two proteins were provided by coexpresslon 

of GFP-p140Cap and EB3-mRFP. At low expression levels. 
EB3-mRFP colocalized with GFP-p140Cap on MT plus ends 
(Figure S4A). However, when EB3 was distributed evenly along 
the MTs due to overexpresslon. GFP-p140Cap also decorated 
the whole MT lattice (Figure 548). 

The abil~y of p1 40C::tp to associate with growing MT ends was 
further confirmed by simultaneous dual color live Imaging of 
GFP-p140Cap and EB3-mRFP: GFP-p140Cap was observed 
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B Figura 7. p140C-ap Locoll::oc. to .SynopGO.s and I~ Roqulrod 
for Spino Mnlntononeo 
(A) Tl=:::.uo oxpro:mlon of p140Cop. Mou::.o tlsnuo homogoMto::. 
(20 11g of protolnllono) woro ono!yzod by SOS-PAGE and lmmuno· 
blotting u~ng tlntl·p140Copond anti·EB:J .o.ntlbOdto:l. q-Tubulln 0:1 
I~ uwd a::. o loildtng control. 
(6) Enrichment of p~40Cnp 1n tho PSO traction. H1ppocompo1 

nouron:1 at orv 21 woro homogonlzod, tr.:~ctlonotod by dllforontkll 
centnfugatkm, and analyzed by lmmunoblott•ng u:;tng anti· 
p140Cap. anti·EB3 and antl-PS0-95 antibodies. 
(C) Ropre:lQntat•vo lrnagoc. ol rot htppocompal nooron::. (DIV 17) 
tabolod w•th rabbit antl-p140Cop ant•body (groon) and phallo•· 
dln-A594 {rod), to vl:amllzo F-actln. Oondrltlc oogmont~ (k)wor 
ponol::~o) oro onln.rgod to ahOw thO cotocotl:atlon ol pl40Cop and 
F-octln In ::;plno!l. Scnlo b:lr, 10 ~m. 
{0) Oondrlto:; of hippocampal neuron::; lnbolod with rnoblt anu­
pl40Cop antibody (groon) ond mou::~oo antl·MAP2 {rod). 
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(E} Oondnto~ of hippocampal neuron::. trlpto lilbolod w~th r.:~bblt 

antl·pl40Cap antibody (groan), guinea pfg antl ·P$0-95 :mt•bOdy 
(blue). and mou~ ant!·Bo~ (rod) . 

moroo ~ 

.:,_ ..:: . ~- ... :. . ~. , 
(F) Hippocampal neurone. tron::;foctod at DIV 13 with EB3-mRFP 
and lol:)()tod with mouoo ontl-p140Cop (rod). ArrowMDd!>lndlcnto 
colocallzod E.B3-mRFP and p140Cap . 
(G) Ropro:;ontaUvo •magoo of hlppocnmpal nourono tron::.foctod at 
OIV 13 w1th controt pSupor vector or EB3-shRNA nnd double 
lnbolod with ontl·p140Cop (groan) ond cotr:Jn::.loctod fl-{Jill (rod). 
(H) Roprooontallvo •magoc. or hippocampal neuron::~. tr:tn::.toctod at 
DIV 13 with control pSupor voctor, p140Cap-:lhRNA, or EB3· 
!lhRNA and GFP·p,40C01p and :.talnod for cotran~loctod fl·g.:tl 
to highlight neuronal morpholOgy. 

;)_~-;o: !jj. • •• ,. • ~c;gc. . , • .· ~ .. ; ..t 

(I) Quantification of numbor of protru~lon:. por 10 ~,m dondrlto::: In 
hlppoc:arnpal nourono tron~toctod at OtV 13 w•th control pSupor 
voctor, p140COlp·chRNA, GFP·p140Cop, EB3-r.hRNA. and 
o combination of EB3-:ihRNA o.nd GFP-p140Cop. Error bar::: lndl­
coto SEM, ·p < 0.05 . 
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p140Cap/SNIP as an abundant constituent of the PSD 
(Dosemeci et al., 2007; Peng et al .. 2004; Trinidad 
et al .. 2006). but its function at the synapse has not 
yet been studied. Our biochemical fractionation exper-C fllopodiU 

as small granular particles that showed diffusive behavior and 
concentrated at EB3-positive growing MT ends (Figure 6F; 
Movie SS). These data indicate that. similar to other EB-blnding 
partners. p140Cap can behave as a ... TIP. 

p140Cap Locali%on to Synapses in Hippocampal 
Neurons 
Western blot analyses showed that both p140Cap and EB3 are 
predominantly expressed In the central nervous system and 
present In different brain regions (Figure 7 A). consistent with 
previous studies (Chin et al., 2000; DiStefano et al., 2004; Nak:l­
gawa et al .. 2000). Several PSD proteome studies have identified 

iments confirmed the presence of p140Cap In synap­
tosomal membrane fractions and Its enrichment in 
PSD fractions. similar to core PSD components such 
as PSD-95 (Figure 78). In agreement with the 
biochemical experiments. Immunofluorescent stoining 
of p140Cap in cultured neurons reve::tled granular 
puncta of different size that were distributed along 
dendrites and concentrated within F-actln-enriched 

dendritic spines (Figure 7C). The p 140Cap puncta were not 
restricted to the spine he:>d but often extended toward the 
dendritic shaft, suggesting that the zone of p140Cap accumula­
tion might Include the neck of the spine. More than 70% of the 
dendritic p 140Cap showed overlap with the postsynaptic morker 
PSD-95 and presynaptic protein Bassoon (Figure 7E). The punc­
tate distribution of p140Cap showed little coloc:>lization with 
MTs In the dendritic shaft. as revealed by costalnlng with 
MAP2 (Figure 70). Furthermore. very little overlap of p140Cap 
and EB3 positive MT plus end In the dendritic shaft could be 
observed, In spite of the marked colocaUzation between 
mRFP-EB3 and p140Cap within the spines (Figure 7F). Thus, 
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Flguro 8. E83 I~ Roqulrod for p140Cap Ol::;trlbutlon In Hlppocampnl Nouron:. 

H 

(A-0) Aopro:ontotlvo lmog® of hlppocompal nou"ons cotron~foctod ill OfV 13 with tuli-longth GFP-p140Cop or GFP-p140Cop(1·1164) With pSupor control 
voctor (A ond B) or p140C:Ip-c.hANA {C and 0) and lnbolod tor cotron~toctod 6-Qol (rod) . Dondnuc ~mont' oro ontorgod to ~how tho dl,trJbutlon of GFP~ 
140Cap. Only tho margo lo ohown In color. Sc.:~lo bar, ,0 ~m. 
(E) Ouontlflc.atlon or GFP-140Cop oplno targeting. Numbo~ lndlcato tho rotlo o1 fluoro~onco 10ton~ty In apW\o::: vom~ dondrltiC ~flo of o::u:h lndteatod 
p14QC:Ip con~ruct YAth pSupor control voctor 01 p140C>Jp-"'RNA (moon :t SEM), ~ kldox of 'pmo torgot.ng. 



p 140Cap appears to be a synaptic protein which concentrates In 
spines and may interact with EB3-Iabeled MT tips entering the 
spines. 

Loss of p 140Cap Causes " Docrcaso In Sp in e Density 
To Investigate the role of p140Cap In dendritic spine 
morphology, we knocked down endogenous p140Cap using 
plasmid-based RNAI. Transfectlon of the p140Cap-shRNA 
construct caused an - 70% reduction In lmmunostalnlng for 
p 1 40Cap In dendrites and the cell body (Figures S5A and S5B) 
but Induced no change in other proteins. such as MAP2 (data 
not shown). Knockdown of p 1 40Cap caused a significant 
decrease in the number of spines and an Increase In the number 
of filopodia, while the total protrusion density was unchanged 
[Figures 7H and 71). The density of F-actln In dendrites of 
p 1 40Cap-deflclent neurons was significantly diminished (data 
not shown). similar to the EB3 knock-down neurons. In contrast. 
GFP-p 1 40Cap overexpresslon caused an opposite effect on the 
ratio between spines and filopodia and an increase In F-actin 
abundance (Figures 7H and 71). Taken together. these results 
imply that p 1 40Cop Is involved in stabilization of mushroom­
like spines. 

EB3 :~nd p140Cap Cooperate In Regulat ing Sp ine 
M orphology 
Since EB3 and p1 40Cap Interact with each other and their deple­
tion causes similar spine phenotypes. the two proteins may act In 
the same pathway. To test this possibility, we Investigated 
p 1 40C::>p localization in EB3-deficient neurons. We tronsfected 
neurons at DIV 13 with EB3-shRNA; 4 days later we observed 
that the staining of p1 40Cop In tho dendritic protrusions was 
significantly reduced [Figure 7G). Quantification revealed 
a 75% reduction in p 1 40Cap protrusion staining Intensity In 
EB3 knockdown neurons compared to control neurons. 

To obtain Insight In to how EB3 might regulate p140Cap locol­
lzatlon. we determined whether the EB3-blndlng domain of 
p1 40Cap is required for Its targeting to spines. Neurons were 
transfected with full-length p140Cap or Its truncated versions. 
GFP-p140Cap(1-1164). that lacks the EB3-bindlng site, and 
GFP-p1 40Cap(1 -294) th::>t also lacks the Src-bindlng site 
(Figure 6A). GFP-p140Cap(1 -11 64) accumulated In spines as 
efficiently as tho full-length protein (Figures SA and SE). while 
GFP-p140Cap(1-294) lost Its spine targeting (Figure SE). Since 
p 1 40Cap has a coiled-collin the middle of the protein and could 
Interact with Itself. endogenous p140Cap may stabilize exoge­
nous p140Cap protein within tho spines. To test this hypothesis. 

we cotransfected neurons at DIV 13 with p1 40Cap-shRNA and 
full-length GFP-p140Cap or GFP-p140Cap(1-1 1 64); 4 days later 
we observed that the accumulation of GFP-p140Cap(1 -1 164) in 
the dendritic protrusions was significantly reduced compared to 
full-length GFP-p140Cap (Figures 8C-8E). To Interfere with the 
specific interaction between EB3 and p1 40Cap. wo overex­
pressed the EB3-bindlng C terminus of p140Cap (1 124-1216) 
(Figures S4B) and observed a significant decrease in the number 
of mushroom-shaped spines (Figures S5D and S5E). In addition. 
expressing a 23 aa C-termlnally trunc::>ted EB3 construct [GFP­
EB3t..Ac), which Is unable to bind to p 1 40Cap (Figure SJ) but 
can bind to MT plus ends and regulate MT dynamics 
(Figure 81). does not Increase the number of mushroom spines 
comp::>red to full-length EB3-GFP (Rgures S3D-S3F). Further­
more. full-length EB3-GFP but not GFP-EB3t..Ac is able to 
rescue the EB3 knockdown phenotype (Figure SK). Together 
these data lndlc::>te th::>t tho EB3-p140Cap Interaction is neces­
sary for regulating spine morphology. 

We hypothesized that the E83-binding region might affect the 
turnover of p1 40Cap In spines. Fluorescence recovery after pho­
tobleaching (FRAP) revealed th::>t on average, full-length GFP­
p140Cap fluorescence recovers to 36% :t: 2% (moan ± SEM. 
n = 35 spines) of prebleoch Intensity with an average recovery 
h:llf-tlme of T 112 = 148 :t: 11 s (mean :t: SEM) (Figure SF). Fitting 
a single-exponential recovery curve to tho average recovery 
time trace yielded similar results (T112 = 153 ± 36 s. Recovery level 
R"""' = 38% :t: 4%). Indicating that there are two p140Cap pop­
ulations; one mobile fraction with ::> turnover time o1 minutes 
and another, more stable fraction that turns over on a timescale 
much longer than 1 5 min (Figures SG and SH). FRAP analysis of 
GFP-p1 40Cap[1-1 1 64) showed not much change In tho recovery 
half-time (T112 = 125 :t: 9 s. mean ± SEM. n = 52 spines). but 
a much higher recovery level than full-length GFP-p1 40Cap 
(R11..,, = 55% :t: 4%. mean ± SEM). Indicating that the fraction 
of stably incorporated p 1 40Cap has decreased by almost 30% 
(Figures SF-aH). Coexpresslon of GFP-p1 40Cap and EB3-
mRFP revealed a lower GFP recovery level compared to 
p140C::>p :!lone (R11,.,, = 23% ± 3%. mean± SEM. n = 43 spines) 
(Figures SG and SH). AlthOugh we cannot exclude that other 
factors also Influence p140Cap turnover In spines. the FRAP 
data reveal that the EB3 Interaction Is Important for regulation 
of p1 40Cap accumulation within spines. 

Next, we tested whether p140Cap acts up- or downstream o1 
EB3 In regulating spine shape. While overexpression of GFP­
p1 40Cap fully restored the number of mushroom-sh::>pod spines 
In EB3 depleted neurons (Figures 7H and 71), GFP-EB3 

(F) Avoragod t•mo troc~ of nuoro:conco rocovory otter photob!oac:hlng IOf ful!· longth GFP-p140Cop (orango clrclo:J., 35 splno~). GFP-pl40Cap(1·t 164) (groon 
c 1rc1o~. 52 ::~plno!lo) or GFP-p140Cop cooKpro:;:llng EB3·mRFP (rod clrclo:::, 43 :lplno:). Error bo~ :::how SEM. 
(G) Cumulottvo probat>lhty dlstrlbut!on of tho rocovory lovol:) 595 :l attor bloochlng. ln:::ot :::ho~ tho .lvorogo :llzo of tho mobile 01nd Immobile fraction:~ of GFP­
p140Cop. GFP-p140Cop(1 ·1 164) ond GFP-p140Cop pluo EB3-mRFP. 

(H) Exomplotl.ol tho fluoro::.conc:o dlotnbutlon and lnton~lty of GFP-p140Cop and GFP-p140Cop{1 · 11 64) boforo. dlroctly attar and 600:: oftor blanching tho :;plno::. 
lndleatod w1th clrclo~. 
{I) CHO coli:: woro tron~loctOd w1th GFP- EB3~ OJ.nd imogod ovary 500 m~. Tho GFP- EB3~c po::.ltlvo growing MT ondo oro color cOded for o.och fifth frnmo 
(2.5 !l). Frame 1 Is ohow In whlto (at lott) and ovary sub:>QC~uont fltth framoo Is oltornotoly c~orod rod and groon In tho onlargomont (at right). Scola bar. 10 Jim. 
(J) GST pull-down ao::LOy:J. w•th tho lndlcotod GST fu::lono Md oxtrnct:o of HEK293 colto ovoroxpro:.c•no GFP-p140Cap and GFP-p140Cnp(1124-1216). GFP 
llJctOn::: woro dotoctod by wo!ltorn blotting with antlbodlo:: 01galnct GFP. Cooma::::.lo·!ltalnod galla ::.hown for GST luok>n::>. 
(t<) Ouanllflcatlon of tho numbOr of dondrltlc protruolon:~ por 10 •1M In hippocampal nourono tmn::foctod at OIV 13 w1th ompty voctor (control), EB3-ohRNA alone. 
or EB3-ohRNA w1th EB3 or EB3~Ac. Error bors lndlcoto SEM. · p < 0.05. 
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Flguro 9. p140C:.p Into~ wlth Corbctin 
(A) Suopt:Mdln pun-down o~ woro pot1ormod with tr~to~ of Hola con::~ coo)l(pro:;o.lng bi().GFP-p140Cop or bfo-GFP togothof w1th BlrA. Protom. bound to 
:.tropt:~vloln bOodo. woro analy:od on a Coomao.olo·o.talnod gol . Tho orrowhood and tho orrow lnd1COIO blo-GFP ond blo-GFP-p140C:.p proto•n banda., ro~­

tlvoly. 
(8) lmmunopro<:lpltOlbono. frOtn oxtroeto. ol tron:foetod Holo colic. wtth cho lndlcatOd conotruct:; and probod lor cort.oetltl, 
{C) C0$-7 coli::> WOfO trono.loctod w ith GFP-p140Co.p, f()f'l'ro\dOhydo flxod and :;ta1111od 1or ondoQonouo. corta.ctln (rod). Tho ln:oto. ~ onlnr9omonto. of cortact1n 
and p140Cap coloc.:Jil:atlon ot cort!cal mombrono ruffle:.. 
(0) Oondrlto::~o o1 hippocQmpol nourono. trlplo tobolod lor trono.foctod GFP-p140Cop(groon). rabbit ontl--cortoe11n (rod). and gulnoo pig ont l-P$0-95 onUbody (bluo). 
(E) Ou.:1nbhcouon of numbof ol protru~:J per 10 ~ dondrito ~n hlppoctwnp:~l nouron~ tra~roctod at OIV 13 w~th cootrol p$upor voctor, EB3-~ANA. Ot EB3-
~ANA P'u:o tho '"<Slcatod con~truct::.. H~togram~ $hOw monn 2: SEM, ·p < O.OS. 
(F} Porcontago of :;plno~ ol hlppocompol nouron:; tranofoctod with con:;tructo IOdlcatod ln {E). 

expression was unable to rescue the p140Cop phenotype (data 
not shown). Token together. our data suggest that EB31ocated ot 
the growing MT ends regulates the distribution of p140Cop, 
which in its turn controls dendrttic spine morphology. 

p 140Cap Bind:: to C ortactln 
While EB3-posltive MT plus ends regul:~tes the stability of 
p140Cap and modulates :1ctin dynamics within dendritic spines, 
we wanted to gain a better understanding of how EB3/p140Cop 
regulates the actin cytoskeleton. We next searched for p140Cap 
binding panners using pull-down assays combined with mass 
spectrometry. Biotinylation and GFP-tagged p140Cap (blo­
GFP-p140Cap) and blo-GFP as a control were transiently coex· 
pressed in HeLl cells together with the protein-biotin ligase BirA 
and isolated with streptavidin beads (Figure 9A). Mass-spec· 
trometry analysis of the whole blo·GFP-p140Cap lane revealed 
several actin-related proteins, Including Crk (Bougneres et at .. 

2004). CD2·associated protein (CD2AP) (Lynch et al .. 2003), cor· 
tactln ry.lu and Parsons, 1993), and Shank (Nalsbitt et :11., 1999) 
that were not present in the control lane (Table S2). Interestingly. 
all the Identified proteins have previously been shown to interact 
with cortactln (Ammer and Wood. 2008). suggesting that 
p140Cap in Hela cells associates with a cortactin·containlng 
protein complex. Additional bio·p140Cap mass-spectrometry 
experiments using MCF7 and brain extract all identiflod cortactin 
while the other cortactin Interacting proteins were not found 
(d:1t:1 not shown). The Interaction between p140C:IP and conac· 
tin w:1s confirmed by lmmunopreclpitatlon experiments (Fig· 
ure 9B). Cortactin Is on F-actln-binding protein Implicated in the 
stabilization and branching of actin filaments and shown to con· 
centrale w~h F·actin at cortical membrane 1n nonneuronal cells 
ry.lu and Parsons, 1993) and dendritic spines of cultured hippo· 
campal neurons (Hering and Sheng, 2003). Expression of GFP· 
p140Cap revealed colocalization with cortactin at membrane 



ruffles and lamellipodla In COS-7 cells (Figure 9C) and dendritic 
spines positive for the postsyn:~ptic marker PS0-95 (Figure 90). 
It hos boon shown that loss of cortactin results in a decrease of 
F-actin staining and reduction of dendritic spines (Hering :~nd 
Sheng, 2003), similorly to the effects seen with EB3 and 
p140Cop knockdown. Wo confirmed tho loss-of-function exper­
iments by using cortactin shRNA (data not shown) and tested 
whether cortoctln regulotes spine morphology downstream of 
EB3 In controlling spino shope. Ovorexprossion of myc-tagged 
cortoctin fully restored the number of mushroom-shaped spines 
in EB3 depleted neurons, similarly to expression of GFP­
p140Cop (Figures 9E and 9F). In contrast no rescue of the EB3 
knockdown spine phenotype could be seen by overexpressing 
other major postsynaptic proteins, such os PS0-95, CaMKIIo., 
GKAP, GluR2, or GRIP1 (Agures 9E and 9F). These findings 
show that p 140Cap ond its interacting partner cortactin specifi­
cally rescue the EB3 depletion phenotype and strengths the link 
between EB3, p140Cap and the octln cytoskeleton. 

DISCUSSION 

In this study we describe :1 structural and functional interplay 
between dendritic MTs and octln cytoskeleton within spines. 
Unexpectedly, dyMm1c MTs con penetrate into dendritic spines 
ond oro recuired to molntoln their sMpe. EB3-bound MT plus 
ends modulate spine shape by affecting the obundance or 
F-actln. This view Is supported by the observotlon tMt EB3 
knockdown phenotype is rescued by jasplokinolide, a drug 
that promotes octln polymerization. These findings :~re in line 
with genetic studies In yeast where +TIPs regulate cell shape 
by affecting the actin cytoskeleton (Bosu and Chang, 2007). 
Furthermore, we identified on EB3 binding partner. p140Cap, 
a regulator of Src kinase activity shown to be Involved In control­
ling actin organizotlon (Oi Stefano et al., 2007). In this study we 
also found that p 140Cap binds to the Src kinase substrate and 
F-actin binding protein cortactin rtJu and Parsons, 1993). Over· 
expression of p 140Cop or cortactln rescues the EB3 depletion 
phenotype. The lnteroctions of EB3-positive MT plus-ends, 
p140Cap and cortactln moy therefore represent a link between 
the loc:ll signaling of MTs and the actin cytoskeleton within the 
dendritic spines. 

Rogutation of Spino Morphology by Dendritic MTs 
It is widely accepted thot In dendrites or mature neurons, the 
cytoskeletal mlcrodomoins ore spatially separated: actin fila­
ments are predominately concentrated in spines while MTs are 
restricted to the dendritic shoft and rarely observed within 
dendritic spines (K:lech et ol., 2001; Westrum et al., 1980). This 
conclusion Is mainly based on ultrastructural studies as well as 
tlve imaging experiments using MAP2-GFP, which revealed 
that stable MTs are absent from spines (Kaech et al., 2001; 
Landis and Reese. 1983). In this study, we particularly focus on 
dynamic MTs by using EB3-GFP and show that growing MTs 
can enter dendritic spines. In accord with these data it was 
shown previously that the large dendritic spines of CA3 pyra­
midal neurons frequently contain MTs (Chlcurel and Harris, 
1 992) and that some MT components and associated proteins 
are present in spines and PSD fractions (Sheng and Hoogen-

raad, 2007; van Rossum and Hanisch, 1999). Thus, It seems 
that stoble MTs are predominantly present as bundles In 
dendritic shafts whereas dynamic MTs can enter dendritic 
spines. 

Furthermore, we show that entry of dynamic MT plus ends Is 
physiologically relevant. First, EB3-GFP entry in spines 
frecuently accompanies spine enlargement. Second, a low 
dose of nocodazole abolishes EB3 accumulation at MT tips 
and leads to changes In spine morphology and synaptic trans­
mission. Third. reduction or EB3 expression decreases F-actin 
staining and spine size. whereas EB3 overoxprosslon correlates 
with an Increase in polymerized actin and the number of mush· 
room-like spines. Fourth, a binding partner of EB3, p140Cap, co­
localizes with F-actln in spines and its distribution is influenced 
by EB3 expression. We propose o model in which dynamic 
EB3-I:lboled MT ends grow into dendritic spines and Influence 
their morphology by controlling the actin cytoskeleton by acting, 
ot least in part, through p140Cap. 

The functions of dynamic MT penetrotion in spines described 
here may extend beyond the regul:ltion of the actin cytoskeleton. 
MTs within spines may be Important for organizing membrane 
traffic and could reflect the nood for cargo delivery to the post­
synaptic site, <~nalogous to the accumulation of synaptic vesicles 
in axonol growth cones (Dent and Gertler, 2003). It Is generally 
believed the synaptic C:lrgo travels along the MT transport 
system In the dendrite shaft and switches to the actin-dependent 
myosin motor system to reach the postsynaptic membrane 
(Kennedy ond Ehlers, 2006). However, with our finding that 
MTs grow Into spines, It Is possible that cargos are also trans­
ported by MT-depondont motors toward synaptic sites (Hire· 
kawa and Tokemura, 2005; Kneussel, 2005). Furthermore, addi­
tional studies are reculred to determine whether neuronal activity 
or local calcium influx influences MTs dynamics within dendritic 
spines. 

Tho Functional Slgnlflcanco of tho EB3·p140Cap 
Interaction 
Recent studies In various organisms hove provided strong 
evidence that EB family proteins are conserved key molecules 
at growing MT plus ends. The localization of most, if not all, other 
plus-end tracking proteins Is Influenced by the presence of EBs 
at the MT plus-ends (lansbergen and Akhmanovo, 2006). 
Although p140Cap can track on EB3 labeled MT plus-ends in 
fibroblasts (Figure 6), the primary localization of endogenous 
p140Cap within hippocampal neurons is in dendritic spines. 
We propose that growing EB3-positive MT ends Influence 
dendritic spine morphology by altering the turnover of p140Cap. 

Severollines of evidence support this model. First, knockdown 
of EB3 disrupts the localization or endogenous p 140Cap within 
the dendritic spines and FAAP analysis shows that the EB3-
bindlng is required for p140Cap Immobilization within spines. 
Second, p140Cap overexpression rescues the EB3 knock­
down phenotype. Third, p140Cap binds EB3 via its C·terminal 
tall region (amino acid 1124-1216). ond p140Cap(1124-1216) 
has a domlnant-negotive effect on spine morphology. Fourth, 
C-terminally truncated EB3 (EB31lAc) can Interact with MT plus 
ends and regulate MT dynamics but It cannot bind to p140Cap 
and Is unable to increase the number or mushroom spines In 
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SUMMARY 

The endosomal pathway in neuronal dendrites is essential for membrane 
receptor trafficking and proper synaptic function and plasticity. However, the molecular 
mechanisms that organize specific endocytic trafficking routes are poorly understood. 
Here. we identify GRIP-associated protein-! (GRASP-I) as a neuron-specific effec-
tor of Rab4 and key component of the molecular machinery that coordinates recycling 
endosome maturation in dendrites. We show that GRASP-I is necessary for AMPA 
receptor recycling, maintenance of spine morphology and synaptic plasticity. At the 
molecular level, GRASP-I segregates Rab4 from EEA l/Neep2l/Rab5-positive early 
cndosomal membranes and coordinates the coupling to Rabll- labelled recycling 
endosomes by interacting with the endosomal SNARE syntaxin 13. We propose that 
GRASP-I connects early and late recycling endosomal compartments by forming a 
molecular bridge between Rab-specific membrane domains and the endosomal SNARE 
machinery. The data uncover a new mechanism to achieve specificity and directionality 
in neuronal membrane receptor trafficking. 

INTRODUCTION 

ln order to receive, process, and transmit information, neurons need substan­
tially regulated mechanisms to locally redistribute membranes and proteins to synaptic 
sites. Multiple lines of evidence suggest that the endosomal pathway plays a crucial 
role in synaptic function and plasticity. At excitatory synapses, the postsynaptic mem­
brane composition is subject to continuous and activity-dependent endocytic cycling of 
postsynaptic molecules. Based on uptake of extracellular gold particles, visualization of 
clathrin assembly in living neurons and pre-embedding immunogold electron micros­
copy, it was shown that endosomal compartments are present in the dendritic shaft and 
spines and that endocytosis occurs at specialized endocytic zones lateral to the post­
synaptic density (PSD) (Kennedy and Ehlers; 2006; Sheng and Hoogenraad, 2007). 
Using live-cell imaging and serial section electron microscopy it was demonstrated that 
recycling endosomes are required for the growth and maintenance of dendritic spines 
(Park et al. , 2006). Membrane recruitment from recycling endosomes is a common 
mechanism that cells employ to expand the plasma membrane and targets prote ins in a 
polarized manner in such distinct processes as cytokinesis, cell-cell adhesion, phago­
cytosis. and cell fate determination (Gruenberg, 2001; Maxfield and McGraw, 2004; 
Gould and Lippincott-Schwartz, 2009). 

Perhaps the strongest evidence for the importance of endocytic recycling 
in synaptic function originates from the analysis of AMP A-type glutamate receptor 
(AMPAR) trafficking (Bredt and Nicoll, 2003; Malinow and Malenka, 2002; Shepherd 
and Huganir, 2007). AMPARs are the major exci tatory neurotransmitter receptors in the 
brain and redistribution of AMPARs in and out of the synapse has emerged as an im­
portant mechanism for information storage in the brain (Malinow and Malenka. 2002). 
Increased delivery of AMPARs to the postsynaptic membrane leads to long-term po­
tentiation (LTP), whereas net removal of AMPARs by internalization from the surface 
through endocytosis seems to underlie long-term depression (LTD) (Bredt and Nicoll, 
2003; Malinow and Malenka, 2002, Shepherd and Huganir, 2007). Like any other in­
ternalized membrane protein, endocytosed AMPARs undergo endosomal sorting; they 
can be degraded in lysosomes or recycled back to the surface membrane (Ehlers, 2000; 
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Lee ct al.. 2004). A popular model is that the recycling endosomes provides the local 
intracellular pool of glutamate receptors for LTP (Park ct al., 2004). Neuron-enriched 
cndosomal protein of21 kD (Neep21) and its interacting protein syntaxin 13 are cndo­
somal proteins implicated in regulating AMPAR trafficking during synaptic plasticity 
(Steiner ct al.. 2002). However, it remains unclear how endocytic receptor sorting and 
recycling is organized and coordinated in neuronal dendrites. 

Multiple proteins identified as regulators ofendosomal traffic in non-neuronal 
cells arc also important in neuronal cndosomes (Cai et al., 2007 ; Maxfield and Mc­
Graw, 2004). Dendritic spines contain the basic components of the cndocytic machin­
ery, postsynaptic receptor endocytosis occurs through a dynamin-dcpendent pathway 
and Rab GTPases and their effectors regulate cndosomal traffic (Kennedy and Ehlers. 
2006). The classic endosomal Rab proteins, Rab5 , Rab4 and Rabll have all been 
implicated in cndosomal receptor and membrane trafficking in dendrites (Greger and 
Esteban. 2007; Kennedy and Ehlers, 2006). Rab5 controls transport to early endosomes 
(also called sorting endosomcs) whereas Rab4 and Rabll arc involved in the regulation 
of cndosomal recycling back to the plasma membrane (Sonnichsen ct al., 2000). Active 
membrane-bound Rabs can bind to specific effector proteins and regulate membrane 
specialization and protein sorting by connecting specific endosomal compartments 
(Grosshans et al. , 2006; Gruenberg. 200 I, Zerial and McBride, 200 I). The endosomal 
pathway can be considered as a mosaic of d iscrete but overlapping domains that are 
controlled by Rab proteins and their interacting networks. The communication and 
transport between sequentially organized Rab domains is thought to be mediated via 
proteins that are 'shared ' by both domains. Bivalent effectors. such as Rabenosyn-5 
and Rabaptin-5 have been found that connect proximal Rab5 and distal Rab4 domains 
on early cndosomes (de Renzis et al., 2002). However, how Rab4 and Rab I I recycling 
endosomal domains are coupled is poorly understood. 

To gain a better mechanistic understanding of endosome recycling in neurons. 
we searched for neuronal interact ing partners of Rab4 (van dcr Sluijs et al. , 1992). 
Using a pull-down and mass spectrometry approach, we identified GRASP-I as neu­
ron-specific effector of Rab4 and key component of endocytic recycling in dendrites. 
GRASP-I was originally found to interact with glutamate receptor interacting protein 
(GRIP) and shown to be involved in regulating AMPAR distribution (Ye et al., 2000). 
We show that GRASP-I is necessary for AMPAR recycling and synaptic plasticity, 
essential for maintenance of spine morphology and important for cndosomal traffick­
ing. GRASP-I segregates Rab4 from EEA l /Neep21 /Rab5-positive early endosomal 
membranes and coordinates the coupling to Rabl !-labelled recycling endosomes via 
the interaction with t-SNARE syntaxin 13. These results describe a molecular mecha­
nism for regulating recycling endocytosis by GRASP-I . 

RESULTS 

GRASP-I is a Rab4-GTP-binding protein 
To identify Rab4-intcracting proteins we performed glutathione S-transferase 

(GST) pull-down assays with pig brain extracts using GTPyS-loaded GST-Rab4 affinity 
columns and analyzed the isolated proteins by mass spectrometry (Fig. 1 A). Among the 
proteins that were highly enriched in the GST-Rab4-GTPyS pull-downs but were not 
detected by mass spectrometry in the pull-down assays using GST-Rab4-GDP or GST 
alone. we found known binding partners of Rab4, such as the bivalent Rab effectors 



Rabaptin-5 and Rabenosyn-5 (Table I) (de Rcnzis ct al., 2002; Vitale ct al.. 1998). 

Identified protein MW(kDa) Pept. total NCBI GI number References 

Rabaptin-5 99.7 68 1050523 

GRASP-I 96.3 9 16758652 

Rabenosyn-5 89.5 3 58037445 

Table I. Binding partners ofGST-Rab4-GTP in pig brain extracts identified by mass spectrometry 
The table shows prole ins iden/ified wilh a signi.ficanl Mosco/ score in GST-Rab4-GTP pull downs from pig 
brain ex1rac1s. The li.~l is correcledfor background proteins which were idenli.fied in a conlrol GST-Rab4-
GDP and GST pull-down. For each idemi.fied pr01ein. !he lis! isfil!eredfor duplicales and shows only !he hils 

wilh identified pep! ides. 

The most significant novel hit was GRASP- L which was originally identi­
fied as a GRIP/AMPAR interacting protein which regulates AMPAR targeting and 
Jun-N-terminal kinase (JNK) signaling (Ye et al., 2000; Ye et al., 2007). The associa­
tion between GRASP-I and Rab4 was confirmed by immunoblotting with an antibody 
against GRASP-I (Fig. I B). Binding of GRASP-I to Rab4 was direct and specific 
since GRASP-I associates with GST-Rab4, but not with the other tested Rab proteins, 
such as Rab3. Rab5. Rab7 and Rab II (Fig. I C). Immunoprecipitation experiments 
from COS-7 cells co-expressing myc-GRASP-1 and Flag-Rab4 or Flag-Rab5 further 
confirmed the interaction of GRASP-I with Rab4 (Fig. 1 D). Fluorescence microscopic 
analysis of Hela cells transfcctcd with myc-GRASP-1 and GFP-Rab4, showed that 
the distribution of GRASP-I fully coincided with GFP-Rab4 (Fig. I E). Analysis of 
the cndosomal compartment in the same cells. as visualized by internalized Alexa594-
Transferrin (Tf-594), indicated that GRASP-I localizes to the Rab4-positive domain 
of the early endosomal recycling system. These immunofluorescence data are in line 
with the reported cndosomal localization of GRASP- I in Hcp-2 cells, detected with an 
autoimmune GRASP- I serum from a patient with recurrent infections and a presumed 
immune deficiency (Stinton ct al., 2005). 

GRASP-I has an extensive propensity to form coiled-coils and contains a 
caspase-3 cleavage site, a PDZ-like GRIP binding domain, and a central g lutamate-rich 
stretch (Fig. I F). To define the minimal Rab4 binding domain on GRASP- I wegener­
ated a series of myc-GRASP-1 truncations (Fig. IF, 28). GST-Rab4 pull down assays 
with COS-7 cell extracts expressing GRASP- I mutants showed that theN-terminal 
domain of GRASP-I binds to Rab4, and that the coiled-coil region between amino 
acid 280-300 is required for this interaction (Fig. I G, 2A). However, this region alone 
is not sufficient for Rab4 binding. Full length GRASP-I lacking amino acid 280-300. 
partially retained (50%) Rab4 binding (Fig. 2C) and colocalized, although to a lesser 
extent. with the small GTPase in Hela cells (Fig. 2D). Taken together, these data argue 
for an important role of theN-terminal coiled-coil region in Rab4 binding. 
It has been reported that GRASP-I may serve as a guanine nucleotide exchange factor 
(GEF) for H-ras (Yc ct al., 2000). We tested whether GRASP-I might be a GEF for 
Rab4 by analyzing recombinant GRASP-I ( 1-594) in a GEF assay using fluorescent 
mantGDP. GRASP-I did not act as GEF for Rab4 (Fig. 3A,B). 
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A) Silver stained gel showing isolation of GSTRab4-GTPyS binding proteins from brain cytosol. Asterisk 
denotes band from which GRASP-I was identified. 
B) Western blot of samples from (A) probed with GRASP-I antibody. 
C) Binding assay of"S-Iabeled GRASP and immobili:ed GST-Rab proteins. 
D) FLAG-tagged Robs were co-expressed with myc-GRASP-1 in COS-7 cells. Anti-FLAG immunoprecipi­
rates were analy:ed by Western blot with myc antibody. 
E) He/a cells were transfected with GFP-Rab4, myc-GRASP-1 or both. Prior to fixation, cells were incubated 
for 60 min with Alexa594-labeled Tf at 37°C. Bar is /0 11m. 
F) Coiled-coil prediction and domain architecture a/GRASP-/. Glu; glutamic acid rich domain. asterisk: 
caspase-3 cleavage site. GRI PBD: GRIP I binding domain. 
G) Binding domain analysis using lysates ofCOS-7 cells expressing myc-tagged GRASP-/truncations. and 
GTPyS-charged GST-Rab4. 
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A} Binding assay ofGFP-GRASP-1 truncations and GST-rob4 showing that rab4 interacts with amino acid 
280-300 of GRASP-I. 
B) FLAG-Rab4-GRASP-1 complexes were isolated from COS-7 cell lysates on anti-FLAG antibody-coated 
beads and incubated for I hr with I, 10 and 80 f-Ig purified CST-GRASP-I(/ -380). Immune complexes were 
eluted with 0.15 mglml FLAG peptide and analy:ed by Western blot with monoclonal GFP antibody and 
polyclonal FLAG antibody. The amount ofGFP-GRASP-1 on the beads remained relatively constant upon 
increasing the amount of competing GRASP-/fragment containing the rab4 binding region. 
C) FLAG-1agged Robs were co-expressedwi1h GFP-GRASP-1 constructs in COS-7 cells. Anti-FLAG immu­
noprecipitations were ana~v:ed by Wesrern bioi with monoclonal GFP antibody. Note rhat GRASP-I retained 
-50% Rab4 binding after deletion of amino acid 280-300. 
D) Image of cell body of a hippocampal neuron cotramfected at DJV/3for 2 days wirh GFP-GRASP-
1 (6280-300) and HA-Rab4 and labeled with onti-HA anribody (red). 

However, unlike the positive control cdc25, GRASP- I also did not exhibit no­
ticeable GEF activity towards H-ras (Fig. 3 B). GRASP-I also failed to increase GTP­
Ioading of H-Ras in vivo as measured in pull down assays with the recombinant ras 
binding domain of Raf-1, while the GEF Ras-GRP markedly enhanced the amount of 
H-Ras in the GTP state (Fig. 3C). In line with these results, careful sequence analysis 
of GRASP-I did not reveal significant homology to any known rasGEF. Together these 
data suggest that GRASP- I is not a rasGEF but a Rab4 effector. 
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Figure 3. GRASP-I does not have GEF activity on H-ras and Rab4 
A-B) 200 nM H-ras or Rab4/oaded with fluorescent mantGDP was incubated with an excess ofGDP at 
25"C. in the absence or in the presence ofGRASP-1(1-594). cdc-25, or EDTA, at the indicated concentra­
tions. Dissociation of mGDP was monitored by measuring the decrease in relative fluorescence that accom­
panies release of mGDP from the GTPase. 
C) COS-7 cells were transfected with HA-Hras in combination with indicated constructs and treated with 
or without EGF and PMA, respectively. Ras-GTP was isolated on GSH beads containing the ras binding 
domain of the ras effector raJ and ana/r-ed by Western blot with HA antibody. Note that GRASP-I did not 
increase rasGTP level above non-transfected control. Asterisk (•) denotes background band. 



GRASP-I localizes to a sub-domain of Rab4-positive early recycling endosomes in 
neurons 

We examined GRASP-I expression in mouse tissues and cell lines and 
showed by Western blot that GRASP- I is highly expressed throughout the central 
nervous system. including cortex, cerebellum, midbrain and spinal cord and in primary 
cultured hippocampal neurons but is absent in non-neuronal tissues and cell types with 
the exception of neuroendocrine insulinoma cells (Fig. 4A). These results are consis­
tent with previous immunoblot and immunohistochemistry analyses (Ye et al. , 2000), 
indicating that GRASP-I is expressed in neurons throughout the CNS, with highest 
expression levels in the hippocampus. Double labeling confocal immunofluorescence 
on mouse brain and spinal cord sections, showed that GRASP-I immunoreactivity was 
associated with punctate structures throughout the somato-dendritic compartment of 
neurons (Fig. 5). These punctate structures generally were immunoreactive for Rab4, 
although various GRASP-I positive structures did not label for Rab4 and vise versa 
(Fig. 5). 

Immunofluorescence labeling in mature hippocampal neurons (> days in 
vitro 17 (DIY 17)). revealed that endogenous GRASP-I , although present in axons, 
is predominantly localized within the somatodendritic compartment, as evidenced by 
its labeling pattern and the codistribution with the dendritic marker MAP2 (Fig. 48). 
GRASP-I is associated with punctate structures which occasionally extend beyond the 
dendritic shaft (arrowheads in Fig. 4C), overlap with the synaptic markers Bassoon 
(arrowheads in Fig. 40) and PSD-95 (not shown) and localize within the dendritic 
spines visualized in ~-galactosidase (~-gal) filled neurons (data not shown). In line 
with the mouse spinal cord and brain sections (Fig. 5), co localization of endogenous 
Rab4 and GRASP-I is observed in primary hippocampal neurons (Fig. 4E). Immu­
noelcctron microscopy showed that endogenous GRASP- I and Rab4 localize on an 
extensive tubular network that appeared to emanate from endosomes with a morphol­
ogy that is characteristic of recycling tubules (Fig. 4F). The abi lity of GRASP-I to 
associate with Rab4 positive endosomes was further confirmed by simultaneous dual 
color live imaging ofmRFP-GRASP-1 and GFP-Rab4: GRASP-I was observed on 
mobile Rab4-positive vesicles and tubular structures which dock and fuse with larger 
GRASP-l!Rab4 cndosomal domains (Fig. 4G). Overexpression ofGFP-Rab4 in hip­
pocampal neurons increased the size of the endosomal structures where GRASP-I and 
Rab4 coincide (Fig. 4H). Close inspection of these structures revealed that endogenous 
GRASP-I localizes to a sub-domain of the large Rab4-positive endosome (Fig. 4H, 
inset). suggesting that GRASP-I might regulate a particular step in the cndosomal 
recycling pathway. To test whether cndosomal GRASP- I localization depends on Rab4 
activity, neurons were transfected with dominant negative Rab4 (Rab4S22N). Expres­
sion of Rab4S22N redistributed GRASP-I away from punctate endosomcs, whi le other 
cndosomal proteins were unaffected (Fig. 41 and Fig.6). Together these data show that 
GRASP-I is selectively expressed in neurons. where it is partially localized to Rab4-
positive endosomes in dendrites and present in spines near postsynaptic structures. 
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which GRASP-I and Rab4 colocali:ed. Scale bar is 100 nm. 

Figure 4. Colocali:ation 
ofGRASP-1 and Rab4 
in hippocampal neurons 

A) Expression pattern 
ofRab4 and GRASP-/ 
in mouse tissue and 
cultured cells. 
B-E) Representative 
images of hippocampal 
neurons double-la­
beled with antibodies 
against GRASP-I and 
endogenous markers. B) 
MAP2 and GRASP- I. 
arrow denotes axon and 
arrowheads dendrites 
C) MAP2 and GRASP· 
I, arrow heads mark 
GRASP-I signal beyond 
the dendritic shaft. D) 
Bassoon and GRASP-
I. arrowheads denote 
locali=ation of GRASP-I 
to synaptic sites. E) 
Rab4 and GRASP-I in 
the cell body (left) and 
dendrites (right). Ar­
rowheads denote areas 
of colocali:ation. inset 
show magnified regions. 
Bar is I 0 JJm. 
F) lmmunogold EM of 
hippocampal neurons 
labeled with I 0 nm 
protein A gold for en­
dogenous Rab4 and with 
15 nm protein A gold for 
GRASP-I. Arrow denotes 
tubular membrane to 

G) Simultaneous imaging ofGFP-Rab4 (green) and mRFP-GRASP-1 (red) in tramfected hippocampal neu­
rons. Successive frames are shown and time (seconds) is indicated in the merge panel. 
H) Images of the cell body of hippocampal neurons transfected at DIV 13 with GFP-Rab4 and stained for 
GRASP-I. Magnified region is shown as inset; note the partiallocali:ation of GRASP-I on the distal domain 
ofGFP-Rab4 endosomes. 
I) Representative images of hippocampal neurons transfected at DIVI3 with GFP-Rab4S22N and stained 
after 2 days for GRASP-I. Arrows indicates loss of GRASP-I puncta in transfected neurons. Bar is 10 JJm. 
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Figure 5. Colocali:ation of Rab4 and GRASP in vivo 
Mouse spinal cord sections of 40 pm were double-labeled for endogenous GRASP-I (green) and Rab4 (red). 
Sections were examined on a Zeiss LSM5/0 at/ow magnification to obtain the overview image (top row). or 
high magnification (bottom row). Arrow heads denote colocali:ation between GRASP-/ and Rab4 as also 
shown in the inset with merged colors. 
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Figure 6. Rab4 dominant negative mutant affects GRASP-llocali:ation 
A-C) Representative images of hippocampal neurons transfected with GDP-bound dominant negative mutant 
GFP-Rab4S22N at D/V/3for 2 days and stained for endogenous GRASP- I (A), syntax in 13 (8) or Neep21 
(C). Note that in the neurons transfected with Rab4S22N almost no GRASP-I puncta are present in somata­
dendritic compartments while the locali=ation of syntaxin 13 and Neep21 is unchanged. Bar is 10 J.lm. 
D-F) Quantification ofGRASP-1 fluorescence intensities in cell body of hippocampal neurons transfected as 

indicated in A-C. Graphs show mean± SEM normali=ed to neighboring neurons. ••• p<0.0005 



GRASP-I is required for dendritic spine morphology 
To explore the function ofGRASP-1 , we used RNA interference to knock 

down expression of GRASP-I in mature hippocampal neurons. We found two indepen­
dent GRASP-1-shRNA sequences (#2 and #5) that specifically inhibited expression of 
GRASP-I in hippocampal neurons (Fig. 7). GRASP-I antibodies detected more than 
-80% reduction of GRASP-I staining intensity in the cell body as well as in dendrites 
in GRASP-1-shRNA transfccted neurons (Fig. 7), while other antibody staining. such 
as of MAP2 were unaffected (data not shown). Both GRASP-1-shRNAs constructs 
produced similar phenotypic effects. 

In view of previous observations that inhibition of endosomal recycling by 
dominant negative forms of Rab4 and Rab II alters the morphology of dendritic spines 
(Park et al., 2006) we first examined the effect of GRASP-I knock-down on dendritic 
spines. In neurons co-expressing GRASP-1-shRNA and ~-gal. we observed a marked 
decrease in the total number of protrusions (Fig. 8A). The remaining dendritic protru­
sions were classified as filopodia-shaped protrusions and mushroom-shaped spines 
based on the ratio of spine head width to protrusion length. Quantification revealed 
that knockdown of GRASP-I decreased the number of mushroom-headed spines (Fig. 
8B,C). Neurons expressing GRASP-I* (which is resistant to GRASP-l-shRNA#2 
knockdown) largely reversed the spine phenotype (Fig. 8A-C). A similar spine pheno­
type was observed by expressing dominant negative forms of Rab II (Rab II S25N) and 
Rab4 (Rab4S22N) (Fig. 8B.C). We next tested whether GRASP-I knockdown could 
inhibit LTP-induccd spine growth by glycine stimulation, a protocol used to induce 
chemical LTP in cultured hippocampal neurons (Park eta!.. 2006). In control neurons. 
glycine treatment induced new spine formation and preexisting spine growth while 
in the absence of GRASP-I spine growth is blocked (Fig. 8D,E). Together these data 
indicate that GRASP-I plays an essential role within the recycling endosomal pathway 
to maintain dendritic spine morphology and regulate LTP-induced spine growth. 

GRASP-I regulates recycling endosome distribution 
To directly examine the effect of GRASP-I knock-down on recycling en­

dosomes into spines, we analyzed its localization with GFP-taggcd transferrin recep­
tor (GFP-TfR), which is an archetype recycling cargo that at steady state resides in 
recycling endosomcs (Park ct al.. 2006). As expected GRASP- I and GFP-TfR showed 
a strong colocalisation within dendrites (Fig. 8F). TfR-GFP-labeled cndosomes were 
present in the dendritic shaft at the base of spines (a), in the spine neck (b) and in the 
spine head (c) (Fig. 8G). In neurons transfcctcd with GRASP-1-shRNA, GFP-TfR 
labeled endosomcs were abundantly present in the dendritic shaft at the base of spines 
but were depleted from the spines (Fig. 8H). Quantitative analysis revealed that in 
control neurons - 50% of the spines had TfR-GFP-labeled endosomcs in their neck 
and head (b, c and b+c), whereas in the absence of GRASP-I only - 10% of the spines 
contained recycling cndosomcs (Fig. 8G). These data show that GRASP-I regulates 
recycling cndosomal localization into dendritic spines and most likely explains the 
observed GRASP-I knock down spine phenotype. 
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Figure 7. GRASP-1 shRNA suppresses expression of GRASP-I 
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A} Representative images of hippocampal neurons cotransfected at DIV /3 with GFP and either pSuper. 
pSuper-GRASP-1-shRNA#2 or -shRNA#5. and visuali=ed after 4 days with rabbit antibody against GRASP-! 
(red) and GFP (green). Cell body (inset) is enlarged to show loss of GRASP-I immunoreactivity in GRASP-1-
shRNA transfected neurons. Bar is !0 Jlm. 
B) Quantification of GRASP-/ fluorescence intensities in cell body and dendrites of hippocampal neurons 
transfected at DIV/3 for 4 days with GFP and either pSuper. pSuper-GRASP-1-shRNA#2 or -shRNA#5. 
Staining was done with two distinct rabbit anti-GRASP-/ antibodies: clone JH 2730 and AB96361. Graph 
shows mean± SEM norrnali=ed to pSuper control neurons. ••• p<0.0005 
C) Western blot oflysates prepared f rom INS-/ cells transfectedwith 100 nM (final concentration) of three 
siRNAs (Ambion}, a smart pool (Dharrnacon) or control scrambled siRNA (Dharmacon) for 3 days. siRNA#2 
and the smartpool reduced GRASP-I expression to 15% and 23%. respectively. 
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Figure 8. GRASP-I is required for the maintenance of dendritic spines 
A) Representative high magnification images of dendrites of hippocampal neurons co-transfected at Dl VI 3 
for 4 days with /]-galactosidase (to mark the dendrites). and either pSuper. pSuper-GRASP-1-shRNA #2. 
GRASP-1-shRNA#2 and GFP-GRASP-1*, Rab4S22N or Rabl IS25N. and labeled with anti-fJ-galactosidase. 
B) Quantification of number of protrusions per 10 Jim dendrites in hippocampal neurons tran.sfected as 
indicated in (A). 
C) Percentage of spines of hippocampal neurons transfected as indicated in (A). 
D) Neurons expressing GFP (to mark the dendrite) . and either pSuper or pSuper-GRASP-1-shRNA#2 were 
stimulated with glycine (200 mM. 3 min). and then imaged for> 30 min after glycine stimulation. Arrows 
indicated spine formation. Closed and open arrow heads spine growth and stable protrusions. respectively 
E) Quantification oft he spine formation (top) and spine growth (bollom) following glycine stimulation. N. 
number of dendritic protrusions per 10 Jim at the indicated time. Nrr indicates the average ofspine areas 
before application of glycine. Glycine-stimulated preexisting spine growth is blocked by GRASP-I -shRNA#2 
(boll om). 
F) High magnification images of dendrites of hippocampal neurons cotransfected at DIVJ 3for 4 days with 
myc-GRASP-1 (red) and GFP-TjR. 
G.H) Percentage of spines containing TJR-GFP positive endosomes at the indicated locations. Hippocampal 
neurons were co-transfected at OJ VI 3for 4 days with /]-galactosidase (to mark dendrites) and GFP-TjR 
(to mark endosomes) and pSuper control vector or pSuper-GRASP-1-shRNA#2 as shown in (H). Closed 
and open arrow heads denote protrusions with and without GFP-TjR marked endosomes in the spine head, 

respectively. Error bars indicate S.E.M. ** p < 0.005. *** p < 0.0005. 
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A) Representative merge image of surface HA-GiuR2 (blue) and internali: ed HA-GiuR2 (green) in soma and 
dendrites of hippocampal neurons labeled for GRASP-I (red) after 0. 10 and 30 minutes 100 J..IM AMPA plus 
50 pM APV (AMPA) stimulation. 
B) Quantification of the percentage of colocali:ation of internali:ed GluR2 with GRASP I after AMPAIAPV 
treatment at different time points. Each data point represents mean± S.E.M. (5 neurons for each time point). 
C) Representative images of neurons triple transfected at Dl V 13 with GFP and HA -GiuR2 and either pSuper 
control vector or pSuper-GRASP-1-shRNA#2. After 4 days, neurons are "live"laheled with anti-HA antibody 
for 15 min, followed by 10 min incubation in conditioned medium (Control. no treatment) or 2 min incubation 
in conditioned medium containing 100 J..IM AMPA plus 50 pM APV (AMPA)followed by additional8 min in 
conditioned medium. The neurons are stained for surface and internali:ed HA-GiuR2. 
D) Quantification of intracellular accumulation assays. measured as the ratio of internali:ed/surface fluo­
rescence (internali:ation index). normali:ed to GluR2 10 min control (no treatment). Graph shows mean± 
S.E.M. (10 neurons for each condition). 
£) Representative merge images of neurons cotransfected at Dl V 13 with HA -GiuR2 and either pSuper control 
vector or pSuper-GRASP-1-shRNA#2 and stained for internali:ed HA-GiuR2 (red) and lysosomal marker 
Lampl (green) in the cell body after stimulation for 30 min with AMPA. 
F) Quantification oft he percentage of colocali:ation of internali: ed GluR2 with Lampl as indicated in£). 
Graph shows mean± S.E.M. (5 neurons each). • • p<0.005 



GRASP-I regulates AMPAR recycling 
To further explore the functional importance of GRASP-I in endosomal 

recycling we studied the effect of GRASP-I knock-down on endocytic trafficking of 
AMPAR. First, we analyzed GRASP-I colocalization with internalized AMPARs by 
using the fluorescence-based antibody feeding assay (Lee et al., 2004). Live hippo­
campal neurons expressing extracellular HA-tagged GluRI or GluR2 subunits were 
surface labeled with HA antibody, stimulated with AMPA (I 00 JlM, in the presence 
of 50 JlM APV). fixed, permeabilized and stained for internalized GluR subunits and 
endogenous GRASP-I. At 2 minutes after AMPA stimulation, only -5% of internalized 
HA-GluRI or HA-GiuR2 colocalized with GRASP-I (Fig. 9A,B). After 10 minutes 
following stimulation co localization between internalized GluR subunits with GRASP­
I was increased to -30% (Fig. lOA, Fig. 9A,B), which is consistent with the kinetics of 
internalized AMPAR colocalization with Rab4 (Ehlers. 2000). 

Next, we transfeeted hippocampal neurons either with GFP and control vector 
or GFP with GRASP-1-shRNA and analyzed internalization and recycling of endog­
enous AMPAR following AMPA stimulation by immunolabeling for surface G luR 1 
and GluR2. At steady state. GRASP-I knock down neurons showed a modest but 
significant reduction (-15%) in surface labeling for GluRI (Fig. lOB, D) and GluR2 
(Fig. 1 OC, E) compared to controls. After I 0 minutes stimulation, GluR 1 and GluR2 
decreased at the neuronal surface in both control and GRASP-I shRNA expressing 
neurons, reflecting receptor internalization (Fig. I OB,C). At 60 min, reappearance of 
both GluRl and GluR2 was strongly impaired (-50%) by GRASP-I shRNAcompared 
to controls (Fig. I OB-E). Consistently, in a protocol were surface HA-G luR2 receptors 
were stripped away after labeling (Lu and Ziff, 2005), recycling ofHA-GluR2 back to 
the surface was significantly decreased in neurons expressing GRASP-1-shRNA com­
pared to control neurons (Fig. I OF). No difference was observed in the level of intracel­
lular HA-GluR2 after 8 min AMPA stimulation (Fig. 9C,D). However, we observed that 
in GRASP-I knockdown neurons more intracellular HA-GluR2 is present in LAMP-l 
positive lysosomal compartments after AMPA treatment (Fig. 9E,F). These data show 
that GRASP- I is important for activity-induced AMPAR recycling. 
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Figure 10. Knock down ofGRASP-1 reduces AM PAR recycling 
A} Represenrarive merge image of surface HA-GiuR2 (blue) and inrernali:ed HA-GiuR2 (green) in soma and 
dendrires of hippocampal neurons labeled for GRASP-I (red) after 10 minures AMPA srimularion. 
B. C) Quanrificarion of rhe surface fluorescence inrensiries of endogenous GluR I (B) and GluR2 (C) in conrro/ 
pSuper vecror or GRASP-I-shRNA#2 rransfecred neurons. The cells were unrreared (0 min) or srimulared 
wirh AMPAfor indicared rimes. Hisrograms show fluorescenr inlensiry of surface GluR subunir sraining rr.da­
rive 10 !lie inrensiry ofGFP lransfecled conrrol neurons al basal levels. n = 20 cells for each group. 
D. E) Represenralive images of hippocampal neurons slained for endogenous surface GluR I (D) and GluR2 
(E). Hippocampal neurons a! D1V 13 were corransfec/ed wilh GFP and pSuper conlrol vee/or or GRASP-1-
shRNA#2. AI D/V/7. neurons were .fixed (0 min. no rrealmenl). or slimula!edfor 2 min wilh /00 p M AMPA 
in !he presence of 50 pM APV and furl her incubated for a tolal of 10 or 60 min beforejixalion. Endogenous 
surface GluR/ (D) or GluR2 (E) was revealed by immunofluorescence labeling wilhaul permeabili:alion us­
ing specific exlracellular AMPAR anlibodies. 
F) Neurons /ransfec/ed wi1h GFP. HA-GiuR2 and eilher pSuper conrrol vee/or or GRASP- 1-shRNA#2 were 
srained live wilh an anri-HA amibody. slimula!edfor 2 min wilh AMPAIAPV. acids/ripped and incubared in 
condirioned media for 45 min. Recycled HA-GiuR2 (blue) and inrernali;ed HA-GiuR2 (red) were sequenrially 
labeled. 
G) Quamificarion oflhe ralio of recycled ro imernali:ed HA-GiuR2 in neurons as indicaled in (F). Error bars 

indicaf(! S.E.M. •p<0.05. ••p < 0.005. •••p < 0.0005. 



GRASP-I regulates synaptic plasticity 
Next we examined the role of GRASP-I in excitatory transmission and LTP 

and recorded excitatory synaptic responses from CA I pyramidal neurons in organa­
typic cultures of hippocampal slices. Simultaneous recordings were obtained from both 
transfected neurons (identified by cotransfected GFP) and a neighboring untransfectcd 
neuron. Both control luciferase-shRNA and GRASP-1-shRNA expressing cells had no 
effect on basal AMPAR-mediated excitatory postsynaptic currents (EPSCs) (GRASP-I 
shRNA#5: 0.93 ± 0.09-fold relative to untransfected cells, luciferase shRNA: 1.21 ± 
0.18) and NMDAR-EPSCs (GRASP-I shRNA#5: 0.86 ± 0.09-fold, luciferase shRNA: 
1.03 ± 0.32) (Fig. II A. B). The importance ofGRASP-1-mediated AM-PAR recycling 
in slices became more evident by testing for synaptic plasticity. After induction of 
LTP, cells expressing GRASP-I shRNA induced comparable levels of potentiation to 
that of neighboring untransfected cells up to 20 min after the LTP induction protocol. 
Subsequently. however, the response from GRASP-I shRNA transfected cells started 
to fall and eventually returned to the baseline level at 30 min after LTP induction (Fig. 
II C, untransfected neuron: 1.75 ± 0.18-fold enhancement of EPSC at 29-30 min after 
LTP induction. transfected neuron: 1.17 ± 0.1 0). In contrast, control luciferase shRNA 
transfected, and neighboring untransfected neurons expressed stable LTP lasting for at 
least 30 min (Fig. II D. untransfected neuron: 2.04 ± 0.16-fold enhancement of EPSC, 
transfected neuron: 2.45 ± 0.44 ). These data indicate that GRASP-I is important for 
synaptic plasticity and particularly for the phase of LTP after the first 20 min. The 
results suggest that delivery of AMPAR from recycling endosomes might be important 
for this later phase of LTP. 

GRASP-I segregates Rab4 from EEA1/Neep21 endosomal membranes 
To define more precisely the function of GRASP-I within the endosomal 

system we first examined the localization of exogenous GRASP-I with respect to early 
endosomal marker proteins in Hela cells. We found little if any co-distribution with 
GFP-Rab5. but extensive colocalization with GFP-Rab4 (Fig. 12). The same results 
were obtained in transfected hippocampal neurons, where> 80% ofRab4 structures 
contained GRASP-I both in dendrites and the cell body, while little overlap was seen 
with Rab5 (Fig. 13A.B. 14). In agreement with this observation, the Rab5 domain 
marker EEA I and endogenous GRASP-I displayed mutually exclusive distributions 
(Fig. 130), whereas - 40% of EEA I structures in the cell body and dendrites colocal­
ized with GFP-Rab4 (Fig. 13C,E top row). These results suggested that Rab4 in neu­
rons is interfaced between a proximal EEA I and distal GRASP-I endosomal domain. 
To determine whether the endosomal domain organization is regulated by GRASP-
I, we knock down the expression of GRASP-I and then assayed the co-distribution 
of EEA I and GFP-Rab4. Hippocampal neurons transfected with GRASP-1-shRNA 
showed a strong increase in co localized EEA I and GFP-Rab4 ( - 80%) compared to 
control neurons (-40%) (Fig. 13C,E). In contrast, in neurons transfected with myc­
GRASP- 1 the overlap between EEA I and GFP-Rab4 was significantly decreased 
(-20%) (Fig. 13C,E). Similar results were obtained in Hela cells, where myc-GRASP-1 
strongly reduced co localization between GFP-Rab4 and EEA I, while the co-distribu­
tion of GFP-Rab5 and EEA I was not affected (Fig. 15). To confirm our results we 
tested the effect of GRASP-I on the localization of other early endosomal markers. 
such as Neep21 (Steiner et al., 2002). 
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Figure 11. Effect of GRASP-I knock down on synaptic transmission and plasticity in hippo­
campal slice 
A.B) AMPA and NMDA receptor-mediated excitatory synaptic responses were measured from 
neurons transfected with Luciferase-shRNA (A. control). and GRASP-l-shRNA#5 (B). Top. 
sample traces mediated by AMPAR (downward) and NMDAR (upward) from pairs of shRNA 
transfected (Luciferase or GRASP-l-shRNA#5) and neighboring untransfected (Untrans) 
neurons. Stimulus artifacts were truncated from the traces. Bottom. summa1y graphs of EPSC 
amplitudes (AMPA-R-EPSCs and NMDA -R-EPSCs)from shRNA transfected and neighboring 
untransfected cells. Number of cell pairs: Luciferase-shRNA. 18 and 10: GRASP-I-shRNA#5. 15 
and 8for AMPA and NMDAR-EPSC. NS. not significant. Error bars indicate S.E.M 
C. D) LTP was induced in shRNAs expressing and neighboring untransfected cells by pairing 
depolarization to 0 mVwith 2Hz stimulation for IOOs. Left, sample AMPAR-EPSC traces from 
untransfected and Luciferase or GRASP-I shRNA transfected neurons. Currents before (black) 
and after (gray) are superimposed. Right. time course of AMPA-EPSCs after LTP induction (LTP 
was induced at I = 0). The time points at which sample traces were obtained are indicated by I 
and 2. Number of cell pairs: Luciferase-shRNA. 6; GRASP-1-shRNA#5. 8. • p < 0.05. 
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A) He/a cells co-tronsfected with myc-GRASP-1 and GFP-Rob4. GFP-Rob5. GFP-Rob7 or GFP-Rob/1. Bar 
is IO!Jm. 
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Figure I 3. GRAS P-I segregates Rab4 from EEAI positive endosomal membranes 
A) Representative images of dendrites of hippocampal neurons cotransfected at Dl V 13 for 4 days with myc­
GRASP-1 (red) and either GFP-Rab4 (upper row) or GFP-Rab5 (bottom row). 
B) Percentage of colocali:ation between myc-GRASP-1 and Rab proteins in neurons as indicated in (A) . 
C) Percentage of Rab4 and EEA I colocali:ation in cell body and dendrites as indicated in (E). Error bars 
indicate S.E.M. ••• p < 0.0005. 
D) Representative images of dendrites of hippocampal neurons double-labeled with anti-GRASP-/ (red) and 
anti-EEA I (green) antibodies. 
E) Representative images of dendrites of hippocampal neurons cotransfected at DIVJ 3 for 4 days with GFP­
Rab4 and pSuper control vector. myc-GRASP-1 or pSuper-GRASP-J-shRNA#2 and labeled with anti-EEAJ 
(red) and anti-myc (blue) antibodies. 



Fig ure I 4. The effect of GRASP-/ expression on endogenous endosomal markers 
Representative images of cell bodies of hippocampal neurons transfected with GFP-GRASP-1 and labeled 
with anti-Rab4. anti-Rab5. anri-Rab/1. anti-NEEP21 or anri-syntaxin 13 antibodies (all red). 71 
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Figure 15. GRASP-I regulates EEA I distribution in He/a cells 
A) Percentage of colocali=ation between EEA I and Rab4 or Rab5 in He/a cells with and without transfected 
myc-GRASP-1 as shown in (B. C). Error bars indicate S.E.M. ••• p < 0.0005. 
8) He/a cells transfected with myc-GRASP-1 and double labeled with anti-EEA I (red) and anti-myc (green) 
antibodies. 
C) He/a cells co-transfected with GFP-Rab4 or GFP-Rab5 with and withoul myc-GRASP-1. Cells were 
labeled wilh anti-EEA 1 (red) and anti-myc (blue) antibodies. Bar is I 0 Jim. 
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Figure 16. GRASP-/ segregates Rab4 from NEEP21 positive endosomal membranes 
A) Representative images of hippocampal neurons double labeled with anti-EEA I (green) and anri-N££?21 
(red) antibodies. Dendritic segments are enlarged to show the distribution of the markers (bonom). 
B. C) Representative images of dendrites of hippocampal neurons cotransfected at Dl V 13for 4 days with 
GFP-Rab5 {B) or GFP-TJR (C) and labeled with anti-N££?21 {red). 
D) Representative images of dendrites of hippocampal neurons cotransfected at Dl V 13for 4 days with 
GFP-Rab4 and pSuper control vector. myc-GRASP-1 or pSuper-GRASP-1-shRNA#2 and labeled with anti­
N££?2 1 (red) and anti-myc (blue) antibodies. 

73 



74 

Endogenous Neep21 staining strongly coincides with Rab5 and EEA I ( -80%) 
and to a lesser extent with Rab4 (-40%) (Fig. 16 and data not shown). However in 
neurons transfectcd with myc-GRASP-1 the overlap between Neep21 and GFP-Rab4 
was significantly reduced (-20%), consistent with the effect on EEAI distribution (Fig. 
16D). In contrast, GRASP-1-shRNA enhances Neep21/Rab4 colocalization (Fig. 16D). 
Together these results suggest that GRASP-I is able to separate Rab4 from EEA I I 
Nccp21 cndosomal domains. 

GRASP-I regulates the coupling between Rab4 and Rabll domains 
We next determined GRASP-I localization with respect to late and recycling 

endosomal markers in He Ia cells (Fig. 12) and hippocampal neurons (Fig. 17 A). We 
found little GRASP-I colo-calization with the Rab7 cndosomal domains whereas 
GRASP-I labeling coincided extensively with Rabll-positive compartments (-70%) 
(Fig. 17 A.C, 12). These data strongly suggest that GRASP-I is localized to distal 
aspects of the endosomal recycling pathway and might serve to couple Rab4 and Rab II 
domains. This observation was confirmed by simultaneous dual color live imaging of 
mRFP-GRASP-1 and GFP-Rab II : GRASP-I and Rab II co localize on larger endo­
somal domains while dynamic Rab I J -positive structures segregate into distinct tubular 
or vesicular structures (Fig. J 7B). Most motile Rabl !-positive tubules only transiently 
overlap with GRASP-1-positivc cndosomcs. Rab4, Rabll and GRASP- I largely local­
ized to overlapping regions on these large endosomal structures in the neuronal cell 
bodies and dendrites (Fig. 17E). We further explored a possible role for GRASP- I in 
coupling Rab4 and Rabll domains by determining the Rab4/Rabll co-distribution 
when GRASP-I was knocked down as well as after overexpression of myc-GRASP-1. 
In absence of GRASP- I we observed a significant decreased Rab4/Rab II co localiza­
tion ( 15%), compared to control neurons (30% Rab4/Rab II colocalization). While 
transfectcd myc-GRASP-I robustly enhanced the coalescence ofRab4 and Rabl I 
domains (80% Rab4/Rabi I colocalization) (Fig. 17D,F). lmportantly, the observed 
decrease in EEA 1/Rab4 and Neep2 1/Rab4 domain coupling after myc-GRASP- I trans­
fection (Fig. I 3C,E) is consistent with an increase in Rab4/Rab II domain coupling, 
while the reverse occurred after GRASP-I knock down. These data therefore show that 
GRASP-I is a positive regulator of endosomal recycling membrane maturation, via 
coupling of Rab4- and Rab I J -positive endosomal domains. 

Syntaxin 13 binds to GRASP-I and connects recycling endosomal domains 
GRASP-I co localized with endogenous Rab II (Fig. 14) and GFP-Rab II (Fig. 

17 A) in neurons, however did not directly bind to Rab II (Fig. I C). These observations 
suggest a crosstalk between GRASP-I and other proteins on Rab II cndosomal domains 
in hippocampal neurons. One of these candidate proteins is the SNARE syntaxin 13. a 
transmembrane domain protein that localizes to Rab II positive tubular recycling endo­
somes (Park et al. , 2006; Prekeris et al., 1998) and is important for AMPAR recycling. 
spine morphology and cndosomal mobility (Park ct al. , 2006; Trischler et al., 1999). 
We investigated the possible interaction between GRASP-I and syntaxin 13 by co-im­
munoprccipitation experiments from COS-7 cells transfected with GFP-GRASP-1 and 
different myc-syntaxin constructs. GFP-GRASP-1 precipitated syntaxin 13 and not 
myc-syntaxin I and myc-syntaxin 2 (Fig. 18A). Consistent, GRASP-I colocalized with 
syntax in 13 (Fig. I 8D,J) and not with syntaxin I (Fig. 18J, 19B, 20A). Moreover. over­
expression ofGRASP-1 strongly accumulates syntaxin 13 in GRASP- I/Rab4/Rabll 



positive structures in neurons (Fig. 18C, 14, S 19A) and Hela cells (Fig. 20A,B). Immu­
nogold EM of neurons revealed that syntax in 13 co localized with GRASP- I (Fig. IS E) 
and with Rab4 (Fig. 18F) on endosomal tubulovesicular recycling structures, reminis­
cent of the rab4-GRASP-I organelles (Fig. 4F), suggesting that these proteins might 
be engaged in a complex on endosomal membranes. Indeed, myc-syntaxin 13 could be 
isolated from COS-7 lysatcs on GST-rab4 beads, only if GRASP-I was co-transfccted 
(Fig. 19C). The interaction required the PDZ-like domain containing C-terminal region 
of GRASP-I, but not theN-terminal Rab4 binding domain (Fig. 18B. Fig. 20C.D) 
and could be recapitulated with purified GST-syntaxin 13 and 35S-labclcd GRASP-I 
(Fig. 19D). Since syntaxin 13 has a transmembrane domain it could be an anchor for 
GRASP-I on endosomal membranes. In accord, the C-terminal part of GRASP-I is 
necessary for the localization of GRASP-I to TfR containing endosomcs (Fig. 21 ). 
However, GRAS P-C alone is not sufficient for GRASP- I membrane localization since 
the Rab4 binding domain is also required (Fig. 21 ). 
Previously, syntaxin 13 was found in a complex with early endosomal protein Neep21 
(Steiner et al. , 2002). To better understand the role of syntax in 13 in both early and 
recycling endosomcs, we first investigated the distribution of syntaxin 13 in dendrites 
of hippocampal neurons and found -40% overlap between Neep21 and syntax in 13 
(Fig. ISH,K), -40% colocalization between GRASP-I and endogenous syntaxin 13 
(Fig. 180, Fig. 14). while no co-distribution ofNeep21 with GRASP-I was observed 
(Fig. 18G, Fig. 6). These data suggest that GRASP-1/syntaxin 13 and Nccp21/syntaxin 
13 are associated with distinct endosomal structures. Since expression of GFP-GRASP-
1 strongly accumulates endogenous syntaxin 13 in the cell body and dendrites without 
recruiting Neep21 (Fig. 14), we examined whether GRASP-I influences the Neep21/ 
syntax in 13 complex. Overcxpression of GRASP- I strongly reduced the co localiza­
tion between syntax in 13 and Neep21 ( -15 %) compared to control neurons ( -40%) 
(Fig. 18H,K), suggesting that GRASP-I competes with Neep21 for binding to syntax in 
13 thereby affecting the integrity ofthe Neep21 /syntaxin 13 complex. These data are 
consistent with the observation that GRASP-I separates Rab4 from Nccp21 endosomal 
domains. 
To evaluate whether syntax in 13 is important for GRASP-I association with Rab II 
domains. we triple transfcctcd GFP-Rab4, HA-Rabll and a myc-taggcd dominant 
negative syntax in 13~ TM mutant lacking the transmembrane domain. Hippocampal 
neurons transfectcd with syntax in 13~ TM showed a strong decrease in Rab4/Rab 11 
co1ocalization ( - 1 0%) compared to control neurons ( -30%) (Fig. 18I.L), while the 
co-distribution of Rab4 and GRASP-I was not affected (data not shown). These data 
indicate that syntaxin 13 regulates Rab4/GRASP-I association with Rab II endosomes. 
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A) Represenrarive images of dendrires of hippocampal neurons corransfecred a/ DI V 13for 4 days wirh myc­
GRASP-1 and eirher GFP-ragged Rab7 or Rob/ I and labeled wirh anri-myc (red). 
B) Simultcmeous imaging ofGFP-Rabll (green) and mRFP-GRASP-1 (red) in lransfecred hippocampal 
neurons. Successive frames are shown and rime (seconds) is indica red in rhe merge panel. 
C) Percenrage of colocali=arion between myc-GRASP-1 and Rob prole ins in neurons as indicared in (A). Er­
ror bars indicare S.E.M. ••• p < 0.0005. 
D) Percenrage of colocali=alion berween Rab4 and Rabll domains in neurons co-rransfecred wirh GFP-Rab4 
and HA-Rab/1 wirh eirher myc-GRASP- 1. pSuper-GRASP-1-shRNA#2 or pSuper-GRASP-1-shRNA#2 and 
GFP-GRASP-1• as indicared in (F). 
E) Images of cell body of hippocampal neurons rriple transfecred at DIV13for 4 days with GFP-Rab4. HA­
Rab/1. and myc-GRASP-1 and labeled wirh anti-HA (red) or anri-myc (blue) anribodies. 
F) Represenrarive images of dendrites of hippocampal neurons cotransfected at Dl V 13for 4 days with GFP­
Rab4 and HA-Rabll and pSuper conrrol vector. myc-GRASP-1 or pSuper-GRASP-1-shRNA#2 and labeled 

with anti-HA (red) or anri-myc (blue) antibodies. 
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binds to GRASP-/ and 
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A) Lysates ofCOS-7 
cells cotransfected with 
GFP-GRASP-1 and 
myc-syntaxins were im­
munoprecipitated with 
anti-GFP antibody and 
analy:ed by Western 
blot. 
B) Lysates ofCOS-7 
cells cotran,fected 
with GFP-syntaxin 13 
and full length myc­
GRASP-1 (1 -837) or 
truncated myc-GRASP-
1 constructs (1 -695 

G (- ~ - ·~ ;" . : P ( F, ·~ =- . • or 695-837) were im­
munoprecipitated with 
anti-GFP antibody and 
analy:ed by Western 
blot. Asterisk indicates 
background band. 
Arrows point to co­
precipitated GRASP-I 
proteins. 
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with GFP-GRASP-Ifor 4 days and labeled with anti-5yntaxin 13 (red). 

C) Images of cell 
body of hippocampal 
neurons triple trans­
fected at Dl V 13for 4 
days with GFP-Rab4, 
HA-GRASP-1. and 
myc-syntaxin 13 and 
labeled with anti-HA 
(blue) or anti-myc (red) 
antibodies. 
D) Representative 
images of dendrites of 
hippocampal neurons 
transfected at Dl V 13 

E. F) lmmunogold EM of hippocampal neurons labeled with 10 nm protein A galdfor endogenous syntaxin 
13 and with 15 nm protein A gold for GRASP-I (£)or with 15 nm protein A gold for Rab4 (F). Arrow denotes 
tubular endosomal membrane to which GRASP-I. syntax in 13 and Rab4 locali:ed. Scale bar is 100 nm. 
G) Representative images of dendrites of hippocampal neurons transfected at DJVI3 with GFP-GRASP-I for 
4 days and labeled with anti-Neep21 (red). 
H) Representative images of dendrites of hippocampal neurons cotransfected at DIV 13for 4 days with 
myc-syntaxin 13 and control vector or HA-GRASP-1 and labeled with anti-myc (green), anti-HA {blue) and 
anti-Neep21 (red). 
I) Representative images of dendrites of hippocampal neurons cotransfected at DIV13for 4 days with GFP­
Rab4. HA-Rab/1 and control vector or myc-syntaxin 13L1TM and labeled with anti-myc (blue) and anti-HA 
(red). 
J) Percentage of colocali:ation between HA-GRASP-1 and myc-syntaxin I or myc-syntaxin 13 in neurons. 
K) Percentage of colocali:ation between myc-syntaxin 13 and Neep21 in dendrites as indicated in (H). 
L) Percentage of colocali:ation between GFP-Rab4 and HA-Rab/1 domains in dendrites expressing myc-syn-

taxin 13L1TM as indicated in (1). Error bars indicate S.E.M. •• p < 0.005. • • • p < 0.0005. 
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Figure 19. GRASP-I interacts and coincides with Rab4 and ~yntaxin 13 
A-B) Representative images of hippocampal neurons transfectedwith GFP-GRASP-1 and HA-Rab4 and myc­
;yntaxin I 3 (A) or myc-syntaxin I (B). 
C) Binding assay using lysates ofCOS-7 cells expressing myc-syntaxin I 3 with or without GFP-GRASP-1, 
and GMP-PNP-charged GST-rab4. Note that myc-syntaxin 13 is only isolated on the beads in the presence of 
GRASP-I. 
D) Binding assay of" S-/abe/ed GRASP-I and immobili:ed GST-syntaxin I JLJ TM. 
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Figure 20. Syntaxin / 3 interacts with the C-terminal part of GRASP-I 
A) He/a cells co-tramfected with GFP-GRASP-1 and myc-syntaxin I. myc-syntaxin 2 or myc-syntaxin I 3. 
B) He/a cells triple tran~fected with GFP-GRASP-1. myc-syntaxin I 3 and HA -Rab4. 
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without transmembrane domain. GRASP- I was analy:ed by Weslern blot wilh antibody against GFP. 
D) Binding assay using lysates ofJ'S-methionine labeled COS-7 cells expressing GFP-GRASP-Itruncalions 
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Figure 21. Both N-and C-terminus are necessary for GRASP-/ /ocali:ation to endosomes 
He/a cells /ransfected wilhfu/1 leng1h mRFP-GRASP-1 (1-837} or 1nmca1ed mRFP-GRASP-1 construc/s and 
labeled wilh ami-TjR antibodies (green}. Bar is I 0 flm. 



DISCUSSION 

Complex processes that govern neuronal function have adapted basic cel­
lular pathways to perform the elaborate information processing achieved by the brain. 
Some of these processes, such as cargo trafficking require additional layers of control 
and fine-tuning. Here. we describe a new molecular mechanism for regulating endo­
somal membrane and receptor recycling by GRASP-I in neuronal cells. GRASP-I is a 
neuronal effector of Rab4, binds syntax in 13, and couples Rab4 and Rab II endosomal 
domains. This mechanism has two distinct roles in neuronal function; first it is required 
for AMPAR recycling and second it is critical for dendritic spine morphology. 

Regulation of recycling endosome maturation by GRASP-I 
Each organelle carries its own set of Rabs which ensures the specificity of intracellular 
membrane transport. Ample examples show that Rab GTPases and their effectors can 
confer directionality to membrane traffic and couple different traffic steps (Zerial and 
McBride, 200 I). Here, we show that GRASP-I is a new component of the molecu-
lar machinery that regulates directionality in endosomal trafficking in neurons. First, 
GRASP-I is a novel Rab4 effector and binds specifically to its active GTP-bound state. 
Second, knock-down of GRASP-I separates Rab4 and Rab II domains and moves 
Rab4 in EEA l/Neep21 positive early endosomal structures. Accordingly, knock down 
of GRASP- I mimics the effects of dominant-negative Rab4 and Rab II on dendritic 
spine morphology. Third, GRASP-I overcxprcssion strongly increases Rab4/Rab II 
colocalization in both neurons and Hela cells. We propose a model in which GRASP-I 
coordinates recycling cndosomal maturation (Fig. 22). The term recycling endosome 
maturation is used here to discern it from the other endosomal exit routes, such as the 
degradative multi vesicular body/endosome maturation pathway, the retrieval route of 
mannose 6-phosphatc receptors to the trans Golgi network, or the pathway for melano­
genic enzymes to melanosomcs (Bonifacino and Rojas, 2006). 

How docs GRASP-I couple specific Rab domains? Along the cndosomal path­
way bivalent effectors have been found that connect proximal Rab5 and Rab4 domains 
on early endosomcs (de Renzis et al. , 2002). Since GRASP- I binds directly to Rab4 but 
not to Rabll additional factors are needed. We found that GRASP-I binds to endo­
somal SNARE protein syntax in 13. Overcxprcssion of GRASP-I separates syntax in 
13 from Neep21 positive structures and strongly recruits syntaxin 13 to Rab4 positive 
membranes. Previous studies have shown that syntaxin 13 is involved in recycling 
of cndosomal domains (Prekeris ct al. , 1998; Steiner ct al. , 2002) and is enriched in 
Rab II endosomal fractions (Trischler et al. , 1999). We found that mutant syntax in 13 
separates Rab4/GRASP-l and Rab II positive cndosomal domains, suggesting that the 
coupling of Rab4 and Rab II domains by GRASP-I is, at least in part, through the in­
teraction with syntax in 13. Since syntax in 13 is a constituent of the SNARE core com­
plex (Prekeris ct al. , 1998) and shown to be involved in membrane fusion (McBride et 
a l. , 1999), it is tempting to speculate that the binding between GRASP-I and syntaxin 
13 recruits the fusion machinery necessary to connect with Rab II positive membranes. 
Additional studies arc required to determine the precise functional relationship between 
GRASP- I binding to syntax in 13 and the SNARE function of syntaxin 13. 
The property to bind Rab4 via theN-terminus and syntaxin 13 via the C-terminus of 
GRASP-I supports the model that membrane bound active Rab4 retains or recruits 
GRASP- I on endosomcs and forms a complex with syntaxin 13. 
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Figure 22. Model for the role of GRASP-I in endosome recycling 
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Endosomes can be viewed as mosaic distribution of Rab4, Rab5 and Rab1 1 domains that dynamicalfy 
interact via effector prote ins and SNAREs. The Rab5 domain alfows entry into the early/sorting endosome. 
whereas the Rab4 and Rab1 I domains contain the machinery that is necessary f or sorting and recycling 
membranes and receptors back to the plasma membrane. 
A) GRASP-I binds to Rab4 and syntaxin 13 and couples Rab4 and Rab1 I recycling endosomes. The complex 
formed between GRASP-I and I-SNARE syntaxin 13 might mediate f usion between Rab4 and Rabfl endo­
somes. 
B) Absence o,(GRASP-1 interferes with complex f ormation at the recycling step, caus ing cargo accumulation 

in early endosomes. impairment of receptor expression and changes in spine morphology. 

This sequence of interactions could then structurally and functionally link 
Rab4 to Rab I I membrane domains (Fig. 22). Subsequent recruitment of the other 
factors on to Rab4-defined membrane domains could strengthen the interaction with 
Rab I J. It has been speculated that the GTPase-activating proteins (GAPs) that act on 
the upstream Rabs might be effectors of the downstream Rabs (Grosshans et al., 2006). 
These Rab cascades and conversions might serve as a positive feedback loop to specifi­
cally concentrate activated Rab4 on Rab I I positive endosomes. Additional regulation 
of GRASP-I by caspase-3 cleavage (Ye ct al.. 2000) could separate theN-terminal 
Rab4 binding domain from the C-terminal syntaxin 13 binding site, potentially disrupt­
ing the interaction between Rab4 and Rabll endosomes (Fig. 22). 

Role of GRASP-I in endosomal AMPAR recycling 
GRASP- I was originally found to act as a neuronal Ras guanine nucleotide 

exchange factor (GEF) and regulate synaptic AMPAR trafficking (Ye ct al., 2000). We 
could not measure detectable GEF activity of GRASP-I for Ras in vivo, by filter bind­
ing (not shown) or sensitive fluoro-metric mantGDP assays. nor did we find homology 
between the GRASP-I sequence and known rasGEF domains. Here, we provide an al­
ternative model for the role of GRASP- I in AM-PAR traffic and show that GRASP- I is 
part of the molecular machinery that controls endosomal membrane receptor recycling 
in dendrites. Indeed, we show that GRASP-I colocalizcs with internalized AMPARs 
and that knock down of GRASP-I decreases recycling of GluR subunits after AMPA 
application. Moreover GRASP- I regulates synaptic plasticity, especia lly the late phase 
ofLTP in hippocampal slices. Previous results show that Rab II and syntax in 13 domi­
nant negative mutants were critical for the entire time course ofLTP (Park et al. , 2004) . 
We propose that GRASP-I regulates a particular step in the endosomal trafficking and 
is important for a specific-phase of AMPA receptor recycling (Fig. 22). ln addition to 
supplying AMPARs. membrane trafficking from recycling endosomes also mediates 
the growth of dendritic spines (Park et al. , 2006). In accord, GRASP-I knock down 
decreased the total number of protrusions and mushroom-shaped spines and regulates 
cndosomal mobility into dendritic spines. As discussed above, the coupling of endo­
somal Rab4 and Rab II domains by GRASP-I is an attractive possibility to explain the 



effects on AM PAR recycling and spine morphology. 
GRASP-I binds to the seven PDZ domain-containing scaffolding protein 

GRIP (Yc ct a!., 2000) that transports and stabilizes GluR2 containing AMPAR at 
synapses and intracellular compartments (Bredt and Nicoll, 2003: Hoogenraad eta!. , 
2005). Rab4 dominant negative and GRASP- I knock down had no effect on GRIP-I 
distribution and Rab4/GRASP-l positive endosomal structures did not recruit endog­
enous GRIP (data not shown), suggesting that GRIP functions in an alternative traffick­
ing pathway independent of GRASP-I or the interaction with GRASP-I is transient 
and highly regulated. Interestingly. GRIP also binds to the early endosomal protein 
Neep21 which is crucial for AMPAR sorting through cndosomes (Kulangara eta!., 
2007; Steiner ct a!., 2005). Since neuronal activity determines the phosphorylation sta­
tus of GRIP and enhances the binding of GRIP and GluR2 with Neep21 (Kulangara et 
a!. , 2007; Steiner ct a!.. 2005), it is possible that GRIP is under tight control of specific 
phosphorylation signaling mechanisms in order to allow for consecutive protein bind­
ing and temporal receptor interactions (Kulangara et a!., 2007). Additional studies are 
required to determine the precise role of GRIP in cndosomal receptor trafficking. 

In contrast to AMPA stimulation, GRASP-I staining strongly decreased by 
bath application ofNMDA (Lee eta!. , 2004; Ye eta!., 2000). It has been shown that 
AMPA and NMDA stimulation induce differential AMPAR sorting: AMPA stimulation 
allows AM PARs to enter the normal recycling pathway, whereas NMDA stimulation 
diverts AMPARs to Ncep2 1-positive endosomes and the lysosome degradation path­
way (Lee ct a!.. 2004: Steiner eta!.. 2002). It is tempting to speculate that GRASP-I 
in AMPA stimulated neurons allows sorting of internalized AM PARs to the recycling 
endosomcs, while in response to NMDA, absence of GRASP-I drives receptors to 
the lysosomcs. It is possible that different neuronal stimulatory inputs dynamically 
control activity of effector complexes and cndosomal trafficking pathways. In this 
model, GRASP-I might be part of the machinery on endosomes that senses and reacts 
on NMDA receptor-mediated Ca2+ influx, which is of key importance to understand 
internalized AMPAR and membrane sorting during plasticity and neuronal circuitry 
remodeling. 

MATERIAL AND METHODS 

Antibodies and reagents 
The following primary and secondary antibodies were used in this study. 

Rabbit anti-GRASP-! (JH 2730) (Ye eta!., 2000), rabbit anti-NEEP21 (Steiner eta!., 
2002), rabbit anti-GRIP! (Hoogenraad eta!. , 2005), rabbit anti-Rab4 (Bottger eta!.. 
1996), rabbit anti-GFP (van Vlijmen eta!. , 2008), rabbit anti-syntaxin 13 (Prekeris et 
a!., 1998), rabbit anti-rab4 (Bottger eta!. , 1996). Rabbit anti-Rab II was generated by 
immunizing animals with GST-Rab 11a and affinity purified on His-Rab 11 a columns. 
Anti-GRASP-! (#5285) was generated by immunizing rabbits with GST-GRASP-1(1-
378) and used for immuno electronmicroscopy. 
The following antibodies were obtained from commercial sources: rabbit anti-GRASP­
! (AB96361 ), mouse anti-~-actin , mouse anti-GluR2 (Chemicon), mouse anti-Rab4, 
mouse anti-EEA I (BD Biosciences), mouse anti-FLAG, mouse anti-MAP2, mouse 
anti-a-tubulin (Sigma). mouse anti-GFP (Roche), mouse anti-bassoon (Stressgen), 
rabbit anti-~-galactosidasc (MP Biomcdicals), mouse anti-~-galactosidase (Promega), 
rabbit anti-GluRI (Calbiochem), mouse anti-HA (Roche), rabbit anti-myc (Upstate 83 
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Biotechnology), mouse LAMP-l (Stressgen) , mouse anti-myc, rabbit anti-Rab5 (Santa 
Cruz Biotechnology), rabbit anti-syntaxin 13 (Synaptic Systems), human anti-EEA I, 
mouse anti-human TfR (ATCC). TfR-594, HRP and fluoresccntly labeled secondary 
antibodies were from Molecular Probes and Jackson Laboratories and agarose beads 
conjugated with mouse anti-FLAG antibody were purchased from Sigma. 

Expression constructs 
The following mammalian expression plasmids have been described: pRK5-

myc-GRASP-l (Ye et al., 2000), pEF-Flag-Rab4 and pEF-Flag-Rab5 (Fukuda, 2003), 
pEGFP-Rab7 (Jordens et al. , 200 I), p~actin-HA-~-galactosidase (Hoogenraad ct al., 
2005), pJPAS-Tfr-GFP (Burack eta!., 2000), Rab3, Rab4, RabS, Rab7 and Rab II 
eDNA in pGEX, pEGFP or pcDNA3 (Cormont eta!. , 200 I; de Graaf ct a!., 2004: 
Dcneka ct a!., 2003: Roberts ct a!., 200 I ; van Ylijmcn eta!., 2008), pGEX-Hras(l-166) 
and pGEX-cdc25(974-1260) (Rehmann, 2005), pcDNA3-NEEP21-GFP, pcDNA3 -
myc-syntaxin 13 (Steiner eta!., 2002), pEGFP-Rab II S25N (Wilckc eta!., 2000), 
pEGFP-Rab4S22N (de Wit et al., 2001) pGWI-HA-GluR2 (Lee et al., 2004), pSuper 
vector (Brummelkamp et al. , 2002) and pSupcr-GRlPl-shRNA (Hoogenraad ct al., 
2005). pMT2HA-rasGRP and pMT2HA-ras were obtained from Hans Bos (University 
Medical Center, Utrecht). Syntaxin constructs were obtained as indicated; pGEX­
syntaxin It. TM and pGEX-syntaxin2t. TM (Ruud Tooncn, CNCR, VU, Amsterdam), 
pGEX-syntaxinMTM (Suzanne Pfeffer, Stanford School of Medicine), and pGEX­
syntaxin13t.TM (Andrew Peden, CIMR, Cambridge). 

GRASP-I truncation constructs and GRASP-I mutant lacking aa280-300 
were made with PCR from full length GRASP-I eDNA 1 (Yc ct al., 2000). GRASP-
I* rescue constructs were prepared by a PCR-based strategy to introduce 4 silent 
substitutions in the target site. The target sequence GCTCTCTGAGAAATTGAAA 
was modified into GCTTTCGGAAAAGTTGAAA. Syntax in- I A (BC I 00446; image: 
6595634), syntaxin-2 (BC047496; image: 5296500), syntaxin-6 (BC009944: image: 
4 122224) eDNA was purchased from Gencservice. For neuronal expression, all cDNAs 
were subcloncd in pGWI- and p~actin-expression vectors with various tags (Hoogen­
raad et al., 2005). Myc-syntaxin 13t.TM (aal-245) was made by PCR from full length 
syntaxin 13 eDNA. The rat GRASP-I (accession NM_053807) smartpool siRNA (cat# 
L-096315-0 I) was from Dharmacon. Another set of 3 separate siRNAs targeting rat 
GRASP-I was purchased from Ambion (cat# AM16798A). GRASP-I siRNA2 (siRNA 
ID# 192942, GCU-CUCUGAGAAAUUGAAAtt) yielded most efficient knock down 
in INS I cells and was cloned in pSuper plasmid for knock down of GRASP-I in rat 
hippocampal neurons. GRASP- I shRNA#5 {GTCCCAGCACAAAGAAGAA) was 
designed by using the siRNA selection program at the Whitehead Institute for Biomedi­
cal Research (Yuan et al., 2004) Uura.wi.mit.edu/bioc/siRNAext). The sequence for the 
Lucifcrase shRNA is: CGTACGCGGAATACTTCGA (Zhang and Macara, 2006). 

Preparation of tissue extracts 
For tissue Western blots, cerebral cortex, cerebellum, midbrain, spinal cord, 

kidney, liver and spleen were dissected from P30 mice. Frozen tissue samples and 
cultured cells were homogenized in PBS/ I% Triton-X I 00, and then an equal volume of 
2X SDS sample buffer was added, and the samples were boiled. Protein concentrations 
were measured using a BCA protein assay kit (Pierce) and 20 flg of protein was loaded 
in each Jane for a subsequent Western blot analysis. 



GST-Rab pull down assays 
Preparation of pig brain cytosol, purification of GST-Rab fusion proteins, 

isolation of Rab4GTP-interacting proteins in pull down assays and binding assays with 
35S-Iabeled GRASP- I were done as described (Dencka et al. , 2003; Necft et al., 2005). 
To determine the Rab4 binding region on GRASP- I, we expressed pRK5-myc GRASP­
I or pGW 1-GFP-GRASP-1 truncations in COS-7 cells. Cells were washed in ice-cold 
PBS and lysed in 20 mM Hepcs pH 7.4, 100 mM NaCI, 5 mM MgCl~ (lysis buffer) 
containing 0.5% NP-40. ~Jlg/ml leupeptin. \0 Jlg/ml aprotinin, 1 Jlg/ml pepstatin, 1 
mM PMSF, 20 JlM GMP-PNP. I mM OTT. Detergent lysates were shaken for 20 min 
at 4°C, centrifuged for 10 min at maximum speed in a cooled Eppcndorf centrifuge. 
diluted with lysis buffer to 0.2% NP-40 and incubated with Rab4-GMP-PNP beads for 
2 hrs at 4°C. Beads were washed 4 times with lysis buffer containing 0.2% NP-40. 20 
JlM GMP-PNP. I mM OTT. Bound proteins were eluted in Lacmmli sample buffer and 
analyzed by Western blot and detection with anti-myc antibody. To determine whether 
Rab4, GRASP- I and syntaxin 13 can form a ternary complex, we transfcctcd COS-7 
cells with pGWI-myc-syntaxin 13 with and without pGWl-GFP-GRASP-1. Cells were 
lysed in 20 mM Na Hcpcs pH 7.5, I 00 mM NaCI, I% TX-1 00 and cleared detergent 
lysates were incubated with GST-Rab4 or GST beads. Beads were washed 3 times with 
lysis buffer, and bound protein was assayed by Western blot with monoclonal antibod­
ies against GFP and myc epitope tags. 

Binding assays with GST-syntaxins 
GST-syntaxin fusion proteins lacking the transmembrane domain were ex­

pressed in E. coli BL21 (DE3), immobilized on GSH beads and used for binding assays 
with lysates of COS-7 cells transfected with GFP-GRASP-1 (594-837). Binding assay 
of GST-syntaxin 13~ TM and 35S-Iabeled GRASP-I, produced in a coupled in vitro tran­
scription-translation reaction was done as described (Neeft et a l. . 2005). For mapping 
the syntaxin 13 binding domain on GRASP-I we expressed C terminal pGWl-GFP­
GRASP-1 constructs in COS-7 cells. The cells were metabolically labeled for 30 min 
with 0.5 mCi/ml 35S-mcthionine!Pro-Mix (Perkin Elmer), and detergent lysatcs were 
then subjected to a GST pull down assay on GST-syntaxin 13~ TM as described above. 
Bound proteins were released by boiling the beads 8 min in 0.1 ml 1% SDSIPBS and 
GFP-tagged GRASP-I truncations were immunoprecipitated with a rabbit GFP anti­
body and analyzed by phosphorimaging as before (Gerez et a l. , 2000). 

Mass spectrometry 
Eluates were boiled in Laemmli sample buffer, resolved on a 7.5% SDS-PAA 

gel and silver-stained. Bands of interest were excised and in-gel digested using modi­
fied trypsin (Roche Diag-nostics. Indianapolis, fN) in 50 mM ammonium bicarbonate. 
The peptide mixtures were analyzed by LCIMS/MS using a Q-ToF hybrid mass spec­
trometer (Micromass, Waters) equipped with a Z-spray source and coupled online with 
a capillary chromatography system. The peptide mixtures were delivered to the system 
using a Famos autosampler (LC Packing) at 3 Jlllmin and trapped on an AquaTM 
C 18RP column (Phenomcnex; column dimension I em x 100 Jlm i.d .. packed in house). 
The sample was then fractionated onto a C,s reverse-phase capillary column (PepMap, 
LC Packing; column dimension 25 em x 75 Jlm i.d.) at a flow rate of 150-200 nl/min 
using a linear gradient of acetonitrile. The mass spectrometer was set up in a data­
dependent MS/MS mode where a full scan spectrum (mlz acquisition range from 400 85 
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to 1600 Dale) was followed by a tandem mass spectrum (m/z acquisition range from 
I 00 to 1800 Dale). The pre-cursor ions were selected as the most intense peaks of the 
previous scan. Suitable collision energy was applied depending on the mass and charge 
of the precursor ion. ProteinLynx software, provided by the manufacturers, was used to 
analyze raw MS and MS/MS spectra and to generate a peak list which was introduced 
in the MASCOT MS/MS ion search software for protein identification. 

lmmunoprecipitation 
COS-7 cells were cotransfected with pEF-FLAG-Rab4 or pEF-FLAG-Rab5 

and GRASP- I con-structs and co-immunoprecipitations were done as described (van 
Ylijmen ct al. , 2008). Immune complexes were eluted with FLAG peptide, and ana­
lyzed by Western blot with a mouse monoclonal antibody against GFP. and rabbit anti ­
body against FLAG. For interaction studies between GRASP- I and syntaxin 13. COS-7 
cells were transfectcd with pGW 1-GFP-GRASP-1 , and pGW 1-myc-syntaxin I , pGW 1-
myc-syntaxin 2, or pGWI-myc-syntaxin 13. To determine the region ofGRASP-1 
that bound to syntaxin13, we transfectcd COS-7 cells with pGWI-myc-GRASP-1 , 
pG W 1-myc-G RASP - I ( 1-69 5) or pGW 1-myc-G RASP -I ( 695-83 7) and pGW 1-G FP­
syntaxin- 13. Cells were lysed in 20 mM Hepes pH 7.4, 200 mM NaCl. I% NP-40, and 
protease inhibitors. Detergent lysates were passed 20 x through a 27-gauge needle, and 
centrifuged at maximum speed in a cooled Eppcndorf centrifuge. The supernatant was 
incubated for 2 hr with Rabbit GFP antibody coated beads at 4°C. Beads were washed 
four times with 20 mM Hepes pH 7.4, 200 mM NaCl, I% NP-40, and immune com­
plexes were eluted by heating for 5 min in reducing Lacmmli sample buffer. Eluates 
were resolved by SDS-PAGE and analyzed by Western blot with monoclonal antibody 
against myc. 

In vitro GEF assay 
GST-Rab4, H-ras(1-166), GST-GRASP-1 (1 -594), GST-cdc25(974-1260) were 

expressed in E.coli CK600K. Bacteria were grown at 37°C unti l OD
600 

of0.8. IPTG 
was added to I mM and bacteria were incubated overnight at room temperature. Cells 
were resuspended in 50 mM Tris HCl pH 7.5, 50 mM NaCl, 5% glycerol. 5 mM DTE 
and 5 mM MgCl~ and lysed by sonication. insoluble material was removed by centrifu­
gation at 30.000 g and in case of GST fusion proteins the supernatant was loaded on a 
20 ml GSH-column (Pharmacia). The column was washed with 5 volumes 50 mM Tris 
HCI pH 7.5. 400 mM NaCI, 5% glycerol 5 mM MgCI~ and 5 mM DTE and 2 volumes 
of 50 mM Tris HCI pH 7.5, 50 mM NaCl , 2.5% glycerol I 0 mM CaCI

2
, 5 mM MgCl~ 

and 5 mM DTE (buffer T). The proteins were cleaved with 80 units of thrombin (Serva) 
in buffer Ton the column and clute with buffer T. Protein containing fract ions were 
concentrated using a Millipore concentrator unit. Further purification was achieved by 
gel filtration on a Supcrdex 75 (16/60) column (Pharmacia), equilibrated with 50 mM 
Tris HCl pH 7.5, 50 mM NaCl, 2.5% glycerol, 5 mM MgCI~ and 5 mM DTE. GTPascs 
were loaded with 2'-(3')-0-(N-methylanthraniloyl)-guanosinediphosphate (mantGDP) 
as described for rap (Rehmann, 2005). Nucleotide exchange reactions were carried 
out as described (Rehmann, 2005). ln brief, 200 nM mantGDP loaded GTPasc was 
incubated at 25°C in 50 mM Tris HCI pH 7.5 , 50 mM NaCl, 5 mM MgC12, 5 mM DTE 
and 5% g lycerol in the presence of an I 00 fold molar excess of GDP. Exchange factors 
were added as indicated. The fluorescence intensity was measured over time in a Cary 
Eclipse Spcctrofluorometer (Varian), with excitation at 340 nm and emission at 460 nm. 



IN VIVO GEF ASSAY 
COS-7 cells were transfected with pMT2HA-Hras together with pMT2HA­

rasGRP, pGWl-myc GRASP-I or pGWI-myc. Cells expressing HA-ras were incu­
bated with and without I 0 ng/ml EGF and cells co-expressing HA-ras and HA-rasGRP 
were incubated with or without I 0 J.lM Phorbol 12-Myristatc 13-Acetatc (PMA). After 
5 min. the cells were lysed in 100 mM NaCl, I% NP40. 20 mM Hepes pH 7 .5. Cleared 
lysates were incubated for 3 hr with GSH beads containing the ras binding domain of 
Raf-1 (de Rooij and Bos. 1997). Beads were washed in lysis buffer. Bound HAras-GTP 
and expression levels of HA-Hras, HA-rasGRP, and myc-GRASP-1 was determined by 
Western blot with monoclonal HA and myc antibodies, respectively. 

Cultured cells and transfection 
Hela cells and COS-7 cells were grown in DMEM containing I 0% fetal calf 

serum, antibiotics and 2 mM glutamine. Transferrin (Tf) uptake experiments in Hcla 
cells were done as described (Deneka ct a!.. 2003). INS I cells were grown in RPM! 
1640 with the same additions and 0.2 J.lM Na pyruvate, and 50 ).lM ~-mcrcaptoethanol. 
Cells were transfcctcd using FuGENE6 (Roche) or Lipofectaminc 2000 (Invitrogen) 
and used in experiments after 16-24 hrs. siRNAs (I 00 nM final concentration) were 
transfected with Lipofcctamine 2000 in INS I cells. After 3 days cells were lysed and 
expression level of endogenous GRASP-I was determined by Western blot. 

Primary hippocampal neuron cultures, transfection and immunohistochemistry 
Primary hippocampal cultures were prepared from embryonic day 18 (E 18) rat 

brains (Gosl in and Banker, 1990). Cells were plated on coverslips coated with poly­
L-lysine (30 ).lg/ml) and laminin (2 J.lg/ml) at a density of75,000/wcll. Hippocampal 
cultures were grown in Neurobasal medium (NB) supplemented with B27, 0.5 mM 
glutamine, 12.5 ~lM glutamate and penicillin/streptomycin. Hippocampal neurons were 
transfected using Lipofcctamine 2000 (Invitrogen). Briefly, DNA (3.6 ).lg /well) was 
mixed with 3 J.ll Lipofectamine 2000 in 200 J.ll NB, incubated for 30 minutes and then 
added to the neurons in NB at 37°C in 5% C02 for 45 min. Next, neurons were washed 
with NB and transfcred in the original medium at 37°C in 5% C02 for 2-4 days. 

For immunohistochemistry, neurons were fixed for 5 minutes with ice-cold 
I 00% methanol! I mM EGTA at -20°C, fo llowed by 5 minutes with 4% forrnalde­
hyde/4% sucrose in phosphate-buffered saline (PBS) at room temperature. After 
fixation cells were washed three times in PBS for 30 min at room temperature. and 
incubated with primary antibodies in GOB buffer (0.2% BSA, 0.8 M NaCI. 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 at room temperature and incubated with Alexa-conjugat­
ed secondary antibodies in GDB for 2 hr 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 Zeiss LSM 5 10 confocal laser­
seanning microscope with a 40x or 63x oil objecti ve. 

Surface and Intracellular Staining of AMPA Receptors 
Surface staining of endogenous AM PARs was performed as described 

(Hoogenraad et al. , 2005; Lee et al., 2004). Hippocampal neurons were "live'' incubat­
ed with I 0 ).lg/ml rabbit anti-GluR I (Calbiochem ( I :8)) and mouse anti-G luR2 (Zymed 
(I :80)) N-terrninal antibodies at 37°C for 15 min. After brief washing in prewarrned 87 
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DMEM, neurons were either returned to conditioned medium (for control incuba­
tion) or stimulated for 2 min with I 00 J.!M AMPA and 50 J.!M APV or 50 J.!M NMDA, 
washed in DMEM, returned to conditioned medium and incubated for the given time. 
The neurons were fixed for 5 min with 4% formaldehydc/4% sucrose in phosphate­
buffered saline (PBS), followed by three washes in PBS (30 min at room temperature) 
and incubated with secondary antibody conjugated to Alexa488 (I :400) or Alcxa568 
(I :400) in GOB buffer without detergent (0.2% BSA, 0 .8 M NaCJ, 30 mM phosphate 
buffer, pH 7.4) overnight at 4°C followed by a further three washes in PBS (30 min at 
room temperature). 

The fluorescent-based AMPAR internalization assay was performed as de­
scribed (Lee ct al., 2004). Hippocampal neurons transfectcd with HA-taggcd GluR2 
subunits were "live" labeled with I 0 flg/ml mouse anti-HA antibody ( 12CA5, Roche) 
by incubating coverslips in conditioned medium for I 0 min at 37°C. After brief wash­
ing in prcwarmed DMEM, neurons were either returned to conditioned medium (for 
control incubation) or stimulated for 2 min with I 00 J.!M AM-PA and 50 J.!M APV or 
50 J.!M NMDA. returned to conditioned medium and incubated for the given time. 
Neurons were fixed in 4% formaldehyde/4% sucrose for 8 min at room temperature 
and surface-remaining receptors were visualized with Alexa633-conjugated secondary 
antibody. Internalized receptors were detected with Alexa488-conjugated secondary 
antibody after permeabilizing cells in methanol ( -20°C) for 2 min. To determine colo­
calization, the neurons were immunostaincd with antibodies against GRASP-I in GDB 
without detergent overnight at 4°C and incubated with Alcxa568-conjugatcd secondary 
antibodies for 2 hr at room temperature. 

The AMPAR recycling assay was performed as described (Lu and Ziff, 2005). 
After live staining for surface HA-GiuR2 as indicated above. neurons were washed 
and either returned to conditioned medium (for control incubation) or stimulated for 2 
min with I 00 J.!M AMPA and 50 J.!M APV. The remaining surface anti-HA antibodies 
were stripped away by stripping buffer (0.5 M NaCI I 0.2 M acetic acid) on ice for 4 
min and washed extensively with cold TBS (Tris-buffered saline) and returned back 
to conditioned media at 37°C for 45 min for recycling. After recycling, neurons were 
fixed in 4% formaldehyde/4% sucrose, and HA-GluR2 recycled back to the surface was 
detected with Alexa633-conjugated secondary antibodies. Neurons were permcabilizcd, 
and internal HA-GluR2 was detected with Alexa568-conjugated secondary antibodies. 

Immunohistochemistry and confocal immunofluorescence 
The mouse spinal cord was sectioned at 40 Jlm with a freezing microtome. 

Sections were processed free floating, employing double-labeling immunofluorescence 
(Jaarsma ct al., 200 I). The antibodies were diluted in Tris-Buffercd-Saline (TBS. 
pH7.6) containing I% normal horse serum and 0.2% Triton X-1 00. Sections stained 
for immunofluorescence were analyzed with a Zeiss LSM 510 confocal laser-scanning 
microscope. 

Time-lapse live cell imaging 
During imaging, neurons were maintained at 37°C in standard culture me­

dium in a closed chamber with 5% C02 (Tokai Hit; TNUG2-ZILCS-H2). To visual ize 
mRFP-GRASP-1 and GFP-Rab4 or mRFP-GRASP-1 and GFP-Rabll in neurons, near­
simultaneous dual color (green and red) time-lapse live cell imaging was performed 
using Total Internal Reflection Fluorescence microscopy (TIRFM) on a Nikon Eclipse 



TE2000E (Nikon), equipped with Nikon TIRF arm, CFI Apo TIRF I OOx 1.49 N.A. oil 
objective (Nikon), Coolsnap camera (Roper Scientific), and controlled by MetaMorph 
7.1 software (Molecular Devices). For excitation, the 488nm laser line of an argon laser 
(Spectra-Physics Lasers) and a 561 nm laser (Spectra-Physics) were used in combina­
tion with a ETGFP/mCherry filter cube (Chroma). A filterwheel (Sutter instruments) 
with GFP and Cherry emission filters (both Chroma) and synchronized with laser 
emission altematingly exposed the camera to GFP or Cherry emission. For glycine 
treatments, the same microscope was used with regular widefield illumination by a 
mercury lamp. Glycine treatments were performed as described in (Park ct al.. 2006). 
Images of live cells were processed and analyzed using MetaMorph. Adobe Photoshop 
or Lab VIEW (National Instruments) software. 

Image Analysis and Quantification 
Confocal images oftransfectcd neurons were obtained with sequential acquisi­

tion settings at the maximal resolution of the microscope (1024 x 1024 pixels). Each 
image was a z-scrics of 6-8 images each averaged 2 times was chosen to cover the 
entire region of interested from top to bottom. The resulting z-stack was ' flattened ' into 
a single image using maximum projection. Images were not further processed and were 
of similar high quality to the original single planes. The confocal settings were kept the 
same for all scans when fluorescence intensity was compared. Morphometric analysis. 
quantification and colocalization were performed using MetaMorph software (Univer­
sal Imaging Corporation). 
Morphometric analyses of hippocampal neurons. To visualize the dendritic protrusions 
we used ~-gal or GFP as an unbiased cell-fill. Because protrusions often crossed several 
z planes. we took series of stacks from the bottom to the top of all dendrites and used 
the LSM software to generate image projections for quantitative analyses. All morpho­
logical experiments were repeated at least three times with an n>7 for individual ex­
periments were analyzed in a double-blind manner. Between 150-300 protrusions were 
scored for every neuron and expressed per I 0 Jlm length of dendrite. Measurements of 
length and width of the protrusions were performed as described previously (Jaworski 
ct al. , 2009) and were classified based on the ratio of spine head width to protrusion 
length according to the following ratios: the spine whose width was equal to or more 
than half the size of its length was judged as standard mushroom spine. The protrusion 
whose width was smaller than half the size of its length was judged as filopodia or thin 
spine. In those cases where the total length of the spine could not be adequately seen or 
its length was > 5 Jlm, protrusions were excluded from analysis. 
Quantification ofTJR-GFP distribution in spines. Measurements ofTfR-GFP localiza­
tion in spines and dendrites was performed as described (Park et al. , 2006). Confocal 
images of hippo-campal neurons filled with ~-gal (red) and labeled for TfR-GFP were 
analyzed using Metamorph software. The dendritic localization ofTfR positive struc­
tures relative to spines was categorized according to the presence of GFP signal at the 
base (a). in the neck (b). or in the head (c) of spines. 
Colocalization of fluorescent signals in dendrites and cell body. Colocalization of 
two fluorescent signals was determined using "co localization" module in Metamorph 
software as described (Lee et al. , 2004). The colocalization module provides intensity 
measurements of the region overlap between signals in red and green channels of im­
age projections. To minimize random overlap due to projection of confocal images, a 
single optical section from the z series stack that showed the largest amount of fluo- ...... 89 
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Summary 

Absence of functional FMRP causes Fragile X syn­
drome. Abnormalities In synaptic processes in the ce­
rebral cortex and hippocampus contribute to cogni­
tive deficits in Fragile X patients. So far, the potential 
roles of cerebellar deficits have not been Investi­
gated. Here, we demonstrate that both global and Pur­
kinje cell-specific knockouts of Fmr1 show deficits In 
classical delay eyeblink conditioning in that the per­
centage of conditioned responses as well as their 
peak amplitude and peak velocity are reduced. Pur­
kinje cells of these mice show elongated spines and 
enhanced LTD induction at the parallel fiber synapses 
that innervate these spines. Moreover, Fragile X pa­
tients display the same cerebellar deficits in eyeblink 
conditioning as the mutant mice. These data indicate 
that a lack of FMRP leads to cerebellar deficits at both 
the cellular and behavioral levels and raise the possi­
bility that cerebellar dysfunctions can contribute to 
motor learning deficits in Fragile X patients. 

Introduction 

Fragile X syndrome is the most common, known mono­
genic cause of mental retardation (De Vries et al., 1 997; 
Turner et al., 1 996). Clinically the syndrome is charac­
terized by mental retardation, hyperactive behavior, 
attention deficits, facial abnormalities, and macro-

'"Corro:~,pondonco: c.dozoouwOora!l.musmc.nl 
0Tho!).o authors conttibutod oquo.lly to tho pro!l.Ont !ltudy 

orchidism (Hagerman and Hagerman, 2002). The gene 
involved is the Fragile X mental retardation 1 gene, 
FMR1, which contains in the 5' UTA region a polymor­
phic CGG repeat (Fu et al., 1991; Verkerk et al., 1991 ). 
In Fragile X patients, this repeat spans more than 200 
CGG units, which, in turn, causes methylation of the 
promoter region of FMR1 and thereby functionally inac­
tivates the gene. Due to inactivation of FMR1, its pro­
tein, FMRP, is absent in patients, while it is normally 
expressed in a panneuronal fashion (Verheij et al., 1 993; 
Bakker et al., 2000). 

A mouse model for Fragile X syndrome has been cre­
ated by interruption of the mouse Fmrt gene (The 
Dutch-Belgian Fragile X Consortium, 1 994). This knock­
out mouse shows behavioral and cognitive abnormali­
ties comparable to the symptoms found in Fragile X 
patients, and several of these symptoms can be linked 
to a dysfunction of a particular brain region. For exam­
ple, their enhanced startle responses to auditory stimuli 
and their reduced freezing behavior in response to both 
contextual and conditional fear stimuli indicate a mal­
function of the amygdala (Chen and Toth, 2001; Nielsen 
et al.. 2002: Paradee et al., 1 999). Similarly, the ten­
dency of the knockout mice to show a deficiency in 
their ability to learn the position of a hidden escape 
platform in a water maze task suggests hippocampal 
dysfunction (D'Hooge et al., 1997; Dobkin et al., 2000). 
To date, a potential contribution of cerebellar dysfunc­
tions to the deficits in Fragile X patients has not been 
elucidated. 

The pathological cellular mechanisms that may un­
derlie the cortical behavioral and cognitive deficits de­
scribed above are probably related to dysfunctions at 
the level of dendritic spines and their input. The den­
dritic spines of pyramidal cells of both Fragile X pa­
tients and Fmrt knockout mice are unusually long and 
irregular (Comery et al., 1997: Irwin et al., 2001 ; Audelli 
et al., 1 985). Since these spines appear morphologically 
immature, FMAP has been suggested to be involved in 
spine maturation and pruning, as well as in synapto­
genesis (Comery et al., 1997). Indeed, FMAP and Fmr1 
mANA are present in spines and/or dendrites, and 
FMAP is translated in response to activation of the type 
1 metabotropic glutamate receptors (mGiuR-1) in syn­
aptoneurosomes (Weiler et al., 1 997). The function of 
FMAP as an inhibitor of translation of bound mANAs 
in vitro, including its own mANA and that of proteins 
involved in microtubule-dependent synapse growth 
and function, indicates that FMAP may act as a regula­
tor of activity-dependent translation in synapses (Brown 
et al., 2001 : U et al., 2001: Miyashiro et al., 2003). This 
possibility is supported by the finding that the induction 
of mGiuA1 -dependent long-term depression (LTD) is 
enhanced in pyramidal cells of the hippocampus in 
Fmr1 knockout mice (Huber et al., 2002). Thus, altered 
hippocampal LTD in Fragile X patients may interfere 
with normal formation and maintenance of synapses re­
quired for particular cognitive functions. 

Metabotropic GluA1 -dependent LTD, which appears 
to require rapid translation of mANA, can also be in-
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duced at the parallel fibers (PF) to Purl<inje cell (P cell) 
synapses in the cerebellum (Coesmans et at., 2003; 
Karachot et at .. 2001). Absence of FMRP in cerebellar 
P cells could, therefore, similar1y to the consequences 
of its absence in the pyramidal cells in the hippocam­
pus, cause spine abnormalities in its dendrites, alter 
LTD induction at its PF inputs, and elicit abnormalities 
in motor learning behavior that specifically depends on 
intact cerebellar P cells, such as associative eyeblink 
conditioning, (Mauk and Donegan, 1997; Kim and Thomp­
son. 1997; Yeo and Hesslow, 1998). Moreover, because 
the PF inputs to P cell spines compete to some extent 
with the climbing fiber (CF) input to their dendrites (Ichi­
kawa et at .. 2002), absence of FMRP may also affect 
the normal mono CF innervation of adult P-cells. Thus, 
to investigate the possibility that cerebellar deficits 
contribute to Fragile X syndrome, we tested the cere­
bellar learning capabilities of global and P cell-specific 
Fmr1 knockout mice as well as those of Fragile X pa­
tients using classical eyeblink conditioning procedures. 
In addition, we investigated whether such behavioral 
deficits might be correlated to morphological and/or 
cell physiological abnormalities of the PF and CF input 
toP cells. 

Results 

Eyebllnk Conditioning Is Affected In Both Global 
Fmr1 Null Mutants and Purklnje Cell-Specific 
L7-Fmr1 Knockouts 
To find out whether a lack of FMRP can cause deficits 
in cerebellar eyeblink conditioning, we first subjected 
global Fmr1 null mutant mice (n = 10) and wild-type 
littermates (n = 9), during four paired training sessions, 
to a classical eyeblink conditioning task (Koekkoek et 
at., 2002). The percentage of conditioned responses 
(CRs) in the global mutants was significantly reduced 
at sessions T2, T3. and T4 (p < 0.05, Student's t tests; 
p < 0.005, MANOVA) (Figure 1A). In addition, the global 
mutants showed significant deficits in both the peak 
amplitude and peak velocity of their CRs during training 
sessions T3 and T4, but not during sessions T1 and T2 
(for both parameters at both T3 and T4, p < 0.05, Stu­
dent's t tests) (Figures 1 B and 1 C). In contrast, the lat­
encies to the onset and peak amplitude of the CRs 
were not significantly affected in the global null mutant 
(latency to onset: 1 09 :1: 8 ms in mutants versus 1 02 :1: 

5 ms in wild-types; p > 0.4, Student's t test; latency to 
peak amplitude: 295 :1: 1 4 ms in mutants versus 31 5 :1: 

15 ms in wild-types; p > 0.3, Student's t test). After two 
sessions of extinction, the percentages of CRs in both 
wild-types and global Fmr1 null mutants were signifi­
cantly reduced (in both cases, p < 0.01 , Student's t 
tests). Moreover. when the conditioned stimulus (CS) 
and unconditioned stimulus (US) were randomly paired, 
virtually no CRs were observed. Finally, to determine 
possible effects of a lack of FMRP on the eyeblink re­
flex itself, we further analyzed the kinetics of the uncon­
ditioned responses (URs). The amplitudes (0.68 :1: 0.03 
mm) and peak velocities (44.9 :1: 2.07 mm/s) of the URs 
in the mutants were not significantly different from 
those (0.73 :1: 0.03 mm and 47.3 :1: 2.04, respectively) in 
wild-types (p > 0.25 for both comparisons; Student's t 
tests). Thus. it appears unlikely that differences in sen-
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Flguro 1. Eyobllnk Conditioning Is lml>"lrod In Both Glob:>l Fmr! 
Null MU1onto and P Coii-Spoclllc L7-Fmr1 Mutants 

(A) Moan porcontagos (• SEM) of significant CRs ovor 4 dayo of 
pOll rod training for gloOOI Fmr1 null mutant~ (rod; n a 1 0} and wild· 
typo llttormotos (bluo; n • 9) a::; woll o.s 1or L7-Fmr1 mut:lnt~ (groon: 
n • n and l loxod controls (black: n • 8). Thoso data show that Fmr! 
mutanto cannot improve tho porconto.go of tholr CRo durtng tho 
training as wall a~ wild-typo~ can. (B) Exomplos of cbt.o :.ot:: for 
trolnlng sosslons T-2 (loft) and T-4 (right), showing tho avorago am­
plitudo of cs-only rosponsos of a roprooontatlvo glob:>! Fmrl null 
mutant (rod), wild-typo llttormato (bluo), L7-Fmr1 mutant (groon). 
ond floxod control (black). Noto that at T·4, both tho wild-typo anl­
m:~.l' :md Fmrt mut:~.nts !'#how roa.5anably woll-tlmod ro~pon~:.. 
Qround tho momont whon tho US Is supposed to tako placo ('US'), 
whilo tho :;lzo: ot tho rosponso:; of tho Fmr1 mut:mts romoln fixod 
In amplltudo ovor tho training t:.o~:;lon::.. (C) Hl:;togrcm' showing 
avora.go poa.k :~.mpllt udos :~nd poak volocltlos of globnl Fmr1 null 
mutants (rod). wild-typo llttormatos (bluo), L7·Fmr1 mutants 
(groon), and lloxod controls (black) at T-2 and T-4. In contrast to 
tho Fmr1 mutnnt~. wild-typo :~.nlmalo show a ~l gnlfl cantly lncroasod 
poak amplltudo and poak voloclty at T-4 (lor all comparisons. • p < 
0.05 and w p < 0.05), but not at T-2. Error b:>r:: lndicato SEM. 

sitivity to the US among Fmr1 null mutants and wild­
types contribute to the differences in CRs. 

Because the eyeblink paradigm in mice is largely 
controlled by the cerebellum (Koekkoek et at., 2003), 
the data described above suggest that a lack of FMRP 
in cerebellar neurons is at least partly responsible for 
the behavioral deficits. We therefore investigated to 
what extent the abnormal conditioning behavior can be 
explained by a tack of FMRP specifically in P cells, 
which form the main site of integration for the PF and 
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CF inputs and are the sole output of the cerebellar cor­
tex. P cell-specific Fmr1 knockout mice were created 
using crossbreedings of L7-cre mice and floxed Fmr1 
mutants. Immunohistochemical analysis demonstrated 
that the L7-Fmr1 knockout mice did not express FMAP, 
while their surrounding neurons in the cerebellum, as 
well as neurons outside the cerebellum, did (Figure 2). 
Like the global Fmr1 null mutants the P cell-specific 
L7-Fmr1 mutants (n = 7) showed a significantly reduced 
percentage of CAs on days T-3 and T-4 in comparison 
with both the wild-type litterrnates of the global Fmr1 
mutants and their floxed controls (n = 8 for both ses­
sions and both control groups; p < 0.05, Student's t 
tests) (Figure 1 A). Moreover, the positive CAs showed 
significantly lower amplitudes and velocities on days 
T-3 and T-4 (for both parameters. p < 0.05, Student's t 
tests; Figures 1 B and 1 C). while the timing properties 
were unaffected (latency to onset: 115 :t 18 ms in mu­
tants versus 111 :t 8 ms in wild-types; p > 0.7, Student's 
t test; latency to peak amplitude: 296 :t 17 ms in mu­
tants versus 302 :t 17 ms in wild-types; p > 0.6, Stu­
dent's t test). In addition, the amplitudes and velocities 
of the URs did not differ from those in their controls 
(p > 0.1 for all comparisons; Student's t test). These 
data demonstrate that a lack of FMAP in P cells alone 
is sufficient to replicate the deficits in eyeblink condi­
tioning described above for the global knockout. 

Startle Responses Are Enhanced In Global Fmr1 
Null Mutants but Not In Purkln)e Cell-Specific 
L7-Fmr1 Knockouts 
Since enhanced startle responses to auditory stimuli 
have also been associated with Fragile X syndrome 

Flguro 2. FMRP Expression In Wild-Typo • 
Glob:1l Fmr1 Null Mutant, Floxod Control, 
and L 7-Fmr1 Mutont Mica 

FMRP oxprosslon In wild-typo (A). global 
Fmr1 null mutont (B), floxOd control (C .Jnd 
E), and l7-Fmr1 mutant (D and F) mlco. 
using lmmunoporoxldo=-o staining on p.:araf­
fln soctlons. Nato In (D) that tho P coils of 
tho L7-Fmr1 mutant oro not lobolod (dashed 
clrclos), whllo Golgl coils (arrows) and stol­
loto coils (arrowheads) .:~ro positively stalnod 
for FMRP In tho s:1mo section. In contr:lst, In 
coroboll.ar sections of tho global Fmr1 null 
mutant (B) or tho wild-typos (A and C). nono 
or o.ll of those typos of neurons .:~ro lobolod, 
ro:;.poctlvoly. In tho corobr:ll cortox virtu::J.IIy 
a.ll nouron:: woro positively l:lbolod both In 
tho floxod wild-typo (E) ond tho l7-Fmr1 mu­
tant (F) . 

(Chen and Toth, 2001; Nielsen et al.. 2002), we also ana­
lyzed the initial 60 ms periods, following the onset of 
the tone. of the eyeblink responses in both the global 
Fmr1 mutants and P cell-specific L7-Fmr1 mutants. as 
well as in their controls. This analysis showed that dur­
ing all training sessions the peak amplitudes of the star­
tle responses in the global Fmr1 mutants, but not those 
in the P cell-specific L7-Fmr1 mutants, were signifi­
cantly higher than those of wild-types (for all sessions 
T1 - T4, p < 0.001, Student's t tests) (Figure 3). Moreover, 
the percentage of startle responses was significantly 
increased during all sessions in the global Fmr1 mu­
tants, but not in the P cell-specific L7-Fmr1 mutants 
(p < 0.05, MANOVA). These differences between the 
global and P cell-specific mutants suggest that a lack 
of FMRP in regions outside of the cerebellum can en­
hance the startle response, and therefore follows the 
notion that startle responses are controlled primarily by 
higher brain structures such as the amygdala (Paradee 
et al., 1 999). In addition, these differences once again 
illustrate the sensitivity and specificity of the magnetic 
distance measurement technique (MDMT) recording 
method that we employ for eyeblink conditioning 
(Koekkoek ct al., 2002; DeZeeuw et al.. 2004). 

LTD Is Enhanced In Purkln)e Cells of both Global 
Fmr1 Mutants and L7-Fmr1 Mutants 
Because deficits in eyeblink conditioning have been as­
sociated with cell physiological deficits of the PF· P cell 
synapse (Shibuki et al., 1 996; Koekkoek et al .• 2003), 
we investigated the induction of LTD and the efficacy 
of this synapse in slices of Fmr1 mutants. LTD was in-

99 



100 

- Wtldly!M 
- Fmr1 nutl·tnulftnt 

Flguro 3. St~rtlo Rosponoos Aro Enhancod In 
Global Fmrl Null Mutan", but Not In P Coii­
Spoclllc L7-Fmr1 Mutonto 80 -0.2 

E 

- Floxed'NIIdty~ 

~ 
- L7·Fmrrl'ftl.Mt'lb 

.s 
~ 
~0. 1 

~ 
<n ~ 

: 60 

l40 

~ 
2 0 !! 

"' 
0 

T-1 T-2 T-3 T-4 
Sooslon 

duced by conjunctively applying PF stimuli and depo­
larizing pulses (single pulses, 140 ms duration; from 
-70 to + 1 0 mV) at 1 Hz for 5 min after reaching stable 
recordings of EPSCs during PF stimulation at 0.2 Hz for 
1 0 min (Miyata et al., 1999). Figure 4A shows that this 
conjunctive stimulation induced LTD in both wild-type 
(n = 7) and global Fmr1 mutant mice (n = 6), as repre­
sented by a significant reduction in PF-EPSC (in both 
cases p < 0.01. Student's t tests). Hyperpolarizing 
pulse-evoked currents hardly changed in both wild­
types and global Fmr1 mutants (p > 0.5 in both cases, 
Student's t tests). implying that conjunctive stimulation 
does not affect access resistance, input resistance. or 
membrane capacitance. The change in access resis-
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B c 

(Lon p~oq Tho porcontogo ol stortlo ro­
sponsos In wlld·typo:; .lnd mutant:J during 
tho lnltl~l 60 ms porlod of tho oyobllnk ro­
:Jponse~. Note th.lt thi:J porcontago wa:; ~g­
nlll~ntly lncroosod during oll sosslono In 
glob~! Fmrl null mutonto (rod) ao comp~ 
to wild-typo llttorm~too (bluo). L7-Fmr1 mu­
tants (groon). and lloxod wild-typo controls 
(black). (Right ~noq Poak amplltudoo of tho 
:.t::u1~ ro:.pon~:; of Fmr1 null mutants wero 
olgnllicantly hlghor than lhoso of wild-typo 
llttermo.to:., L7·Fmr1 mutont~. ond floxod 
controls (p < 0.001 (" and •J; Studont'o t 

tooto). Error b~rs lndlcato SEM. 

tance after conjunctive stimulation was no more than 
2% on average in the cells used for analyses (1 0 wild­
type and 1 0 mutant cells). During the 15 min period 
from 21 to 35 min after the onset of conjunctive stimula­
tion, the mean amplitude of the PF-EPSCs was reduced 
to 70.4%: 1.3% in wild-types and to 60.7%: 2.3% in 
global Fmr1 mutant mice. Thus, the induction of LTD in 
P cells of global Fmr1 null mutants was significantly 
enhanced compared with that in wild-types (p < 0,01: 
Duncan's New Multiple Range Test) (Figure 46). LTD 
was also induced using double shock stimulation of 
PFs at a 50 ms interval combined with the depolarizing 
pulse. The depression of PF-EPSC obtained with this 
double shock protocol in the global mutant mice was 

L7·Fmrl mut.lnt 
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Flguro 4. LTD Induction lo Enhancod In Purkln)o Colis of Glob~l Fmrl Null Mutants and L7-Fmr1 Mutants 

(A) Suporlmpoood PF-EPSCs In throo of tho P coils rocordod boloro conjunctiva stimulation and 33 min (wild-typo), 31 min (global Fmrl null 
mut.lnt). or 32 min (L7·Fmr·1 mutants) aftor conjunctiva stlmulntlon, O.l.Ch tr:teo roprosonting :~n ovor:~go of 12 tr:~co:;.. Note tho !ltrongor 
roduct lon of tho PF-EPSCs In tho mutants. Horizontal baro lndlcoto hyporpolorlzlng pulsoo (2 mV, 100 mo) usod lor monitoring occoso 
ro::;lstonco and Input ro:Jistanco, whllo downword orrow::o lndlc:~to momonts of PF :;.tlmulotlon. (B) PF· EPSC o.mplltudo Is plottod o.golnst tlmo 
botoro and af1or con}unctlvo stlmYio.tlon avorogod tor 10 colla from sovon wild· typo mlco nnd 10 coli:; from alx glob.:&l Fmr1 nyll mYt.lnt mlco. 
In oxh of tho:::.o coils. 12 rocords :;uccos.slvoly acqulrod at 0.2 Hz woro avorogod to obt:tln PF-EPSC v:~luo:;. tor ovory mlnuto. Tho sMdod 
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from tho plonod points lndlc~to SEM. 



72.5% ;t 1.1% (n = 5), which was relatively modest. 
Nevertheless. it was still enhanced compared to the de­
pression of 81.8% :t 0.9% (n = 4) (p < 0.01, ANOVA) 
obtained in wild-type mice with the same double 
shock protocol. 

To find out whether the difference in LTD induction 
between wild-types and global mutants is specific to 
conjunctive stimulation, we also tested the effect of re­
petitive stimulation of PFs only at 1 Hz for 5 min. In­
deed, this stimulus paradigm induced depression to 
75.6% :t 2.5% of the baseline values in global Fmr1 
mutants, while it did not cause a significant reduction 
in PF-EPSCs of P cells in wild-types. In these experi­
ments too, the difference between wild-types and mu­
tants was greatest 20 min after onset of the tetanus 
protocol. Thus, LTD induction following repetitive stim­
ulation of PFs alone in global mutant mice is com­
parable to that following conjunctive stimulation in 
wild-type mice (p > 0.05. AN OVA), but smaller than that 
following conjunctive stimulation in global Fmr1 mu­
tants (p < 0.01, ANOVA) (Figures 48 and 4C). 

The differences in LTD induction between global mu­
tants and wild-types raise the question of whether the 
general synaptic efficacy of the PF-P cell synapse is 
also affected in Fmr1 mutants. We therefore investi­
gated the relationships between stimulation strength 
and PF-EPSC amplitude; paired-pulse facilitation of 
PF-EPSCs, facilitation, and fatigue of PF-EPSCs; maxi­
mum amplitude of metabotropic glutamate receptor 
type 1 (mGiuR1)-dependent slow PF-EPSCs, thresh­
olds, and maximum firing rate of Na•-spikes; and maxi­
mum Ca2• current and density of voltage-dependent 
Ca2• channels in P cells. None of these parameters dif­
fered between global Fmr1 mutants and wild-type lit­
termates (see Table 1 in the Supplementary Data avail­
able with this article online). Thus. these control data 
suggest that the basic synaptic efficacy of the PF-P cell 
synapse is not affected In Fmr1 mutants. 

Since the PF input to the dendrites of a P cell com­
petes with its CF input (Cesa et al.. 2003; Kakizawa et 
al.. 2000), the affected level of PF-LTD in Fmr1 mutants 
may possibly be related to an abnormal CF input. We 
therefore investigated the strength and depression of 
CF-EPSCs, and we examined whether the global Fmr1 
mutants suffer from a persistent multiple CF input 
(Kano et al., 1998). The CF-EPSCs in mutant P cells 
did not show any significant anomaly in that both the 
absolute strength and paired-pulse depression in null 
mutants (n = 7) were indistinguishable from those in 
wild-types (n = 7) (p > 0.4 and p > 0.16, respectively, 
Student"s t tests). The paired-pulse depression of the 
CF-EPSCs was 81.7% = 1.8% in P cells of the mutant 
mice compared with 77.5% = 2.3% in the wild-type 
mice. In regard to the number of CF inputs per P cell, 
we found that 60.4% of the P cells (n = 48) in wild-types 
tested at P21-48 showed a single-CF innervation. while 
double- and triple-CF innervations were observed in 
35.4% and 4.2% of the cases, respectively. In mutant 
mice. single-, double-, and triple-CF innervations were 
observed in 75.6%, 22.2%, and 2.2% of the P cells (n = 
45) tested, respectively. The percentage of single-CF 
innervation was in fact higher in the mutants than in the 
wild-types (p < 0.01. x.2 test). Thus, the CF input to P 
cells in Fmr1 mutants does not show any sign of a pre-

or postsynaptic deficit, and their development does not 
show any sign of a delay; in contrast, the normal devel­
opment from multiple to mono-CF innervation is ac­
celerated. 

Finally, to investigate whether the enhancement in 
LTD induction is due solely to an intrinsic abnormality 
of P cells or whether it results from an interactive pro­
cess between P cells and their surrounding neurons. 
we also investigated LTD of the PF-P cell synapse in 
cerebellar slices of the P cell-specific L 7-Fmr1 mutants. 
Here too, conjunctive stimulation induced LTD in both 
the P cell-specific L7-Fmr1 mutant mice (n = 6) and the 
floxed controls (n = 7), as represented by a significant 
reduction in PF-EPSC (in both cases, p < 0.01, Stu­
dent's t tests) (Figure 40). Hyperpolarizing pulse­
evoked currents changed minimally in both controls 
and mutants (p > 0.35 in both cases, Student's t tests), 
implying that conjunctive stimulation does not affect 
access resistance, input resistance, or membrane ca­
pacitance. The change in access resistance after con­
junctive stimulation was no more than 3% on average 
in the cells used for analyses (seven control and six 
mutant cells). During the period from 21 to 35 min after 
the onset of conjunctive stimulation, the mean ampli­
tude of the PF-EPSCs was significantly more reduced 
in L7-Fmr1 mutant mice (72.9% = 1.3%) than in controls 
(83.2% = 0.8%) (p < O.Q1; Duncan New Multiple Range 
Test). Thus, the enhancement in LTD induction found in 
global Fmr1 mutants was also found in P cell-specific 
L7-Fmr1 mutants, indicating that the difference with the 
wild-types can indeed be attributed to an intrinsic ef­
fect of the P cells themselves. 

Morphology of Purklnje Cells 
The finding that P cells in the cerebellum of Fmr1 mu­
tants show an enhanced level of LTD induction at the 
PF input to their dendritic spines raises the question of 
whether the dendritic tree of P cells in Fmr1 mutants 
shows morphological abnormalities. As revealed by 
both calbindin immunocytochemistry and intracellular 
labeling with biotinylated dextran amine (BOA). the 
dendrites and axons of P cells of Fmr1 null mutants 
appeared normal at the light microscopic level (Figure 
5). The ramifications of the dendrites were not signifi­
cantly different (p > 0.6, Student's t test) when analyzed 
with topological analyses for symmetry of arborizations 
(Van Pelt et al., 1992). The spine densities of distal den­
drites with an average diameter smaller than 1.5 J.l.m 
were 1.22 = 0.30 spines/JJ.m (mean :t SO) and 1.18 :t 

0.27 spines/JJ.m (mean = SO) in Fmr1 null mutants (n = 
7) and wild-types (n = 7), respectively. Likewise, the 
spine density in dendritic fragments with an average 
diameter bigger than 1.5 JJ.m (proximal category) was 
1.26 = 0.27 spines/JJ.m (mean= SO) in Fmr1 null mu­
tants and 1.22 :t 0.20 spines/J.I.m (mean :t SO) in wild­
types. Thus, unlike the pyramidal cells in cerebral corti­
cal areas, the spine density of cerebellar P cells in Fmr1 
null mutants did not differ significantly from that in their 
wild-type littermates (distal versus distal, p > 0.5; proxi­
mal versus proximal, p > 0.5; total versus total. p > 0.5; 
Student"s t tests). 

In contrast, the shape of the spines of P cells in Fmr1 
null mutants differed from that in wild-types. Electron 
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microscopic analysis of calbindin-stained P cells 
showed that their spines were more irregular and longer 
(Figure 6A). The average lengths of the spine head and 
spine neck in Fmr1 null mutants (0.56 :t 0.05 ~m and 
0.63 : 0.18 ~m. respect ively; n = 4) were significantly 
greater than those in wild-types (0.50 ::: 0.04 ~m and 
0.46 : 0.15 ~m. respectively; n = 4) (p < 0.05 and p < 
0.001 for heads and necks. respectively; Student's t 
tests). The spine head diameter. spine head length/ 
spine head diameter ratio. average spine neck diame­
ter. and minimal spine neck diameter of Fmr1 null 
mutants were not significantly different from those of 
wild-types (for all parameters, p > 0.2, Student's t tests). 
Finally, electron microscopic analyses o f the spine den­
sities did not reveal any difference, either, between mu­
tants and wild-types (p > 0.6; Student's t test). 

To find out whether the differences in lengths of spine 

heads and necks were due to intrinsic changes of the 
P cells rather than an interaction with the environment. 
we also investigated the P cell spines in the L7-Fmr1 
mutant mice at the ultrastructural level (Figure 66). The 
average lengths of the spine head and spine neck in 
L7-Fmr1 mutants (0.57::: 0.07 IJ.m and 0.70::: 0.1 IJ.m, 
respectively; n = 4) were significantly greater than those 
in the floxed controls (0.45 ::: 0.05 ~m and 0.42 ::: 0.08 
~m. respectively; n = 4) (p < 0.05 and p < 0.02 for heads 
and necks. respectively; Student's t tests) (Figure 6C). 
No differences were observed in the densities of the 
spines (p > 0.4; Student's t test). Thus. similar to the 
global mutants. the P cell-specific L7-Fmr1 mutants 
showed longer spines in which the necks were particu­
larty elongated. w hile the number of spines appeared 
normal. 

Eyebllnk Conditioning Following Lesions 
of Cerebellar Nuclei In Trained Animals 
The eyeblink data of the Fmr1 mutants indicate that the 
output of the cerebellum to a large extent controls the 
conditioning process. However, since the mutants do 
not express FMAP in their P cells in earty development 
or thereafter, we cannot exclude the possibility that 
secondary developmental aberrations downstream of 
the P cells do occur. This possibility may be especially 
valid for the global mutants, because the neurons in­
volved in the eyeblink pathway downstream of the P 
cells also lack FMAP. We therefore investigated the 
change in CAs in the global Fmr1 mutants (n = 4) and 
in their wild-type littermates (n = 4) after bilateral 
lesions of the anterior interposed nuclei. which form the 
ultimate cerebellar output mediating control signals for 
eyeblink responses (Yeo and Hesslow, 1 998; Kookkoek 
et al., 2003). Figures 7A and 7B show an example of 
such lesions in an Fmr1 mutant and their impact on the 
number of degenerating fibers in the superior cerebellar 
peduncles and the ipsilateral descending tracts. which 
are indicative for abundant damage in the anterior in­
terposed nuclei (Teune et al.. 2000). Following such 
lesions in trained wild-types and trained global Fmr1 
mutants. the percentages of CAs were reduced by 
36% : 11 % and 21% : 6%. respectively. Both changes 
were significant (p < 0.01 and p < 0.05, respectively; 
Wilcoxon rank-sum test). In addition. the remnant re­
sponses showed a reduction in amplitude (for wild· 
types and global Fmr1 mutants: 42% ::: 9% and 25% ::: 
8%. respectively) and latency to peak amplitude (for 
wild-types and global Fmr1 mutants: 35% ::: 1% and 
30% ::: 8%, respectively) (Figure 7C). Both changes 
were significant for both wild-types and Fmr1 mutants 
(for all comparisons. p < 0.05, Wilcoxon rank-sum 
tests). While percentages of CRs and CR amplitude val­
ues were significantly different between wild-types and 
null mutants after training session T-4 before the lesion 
(p < 0.05 and p < 0.05, respectively; Student's t tests), 
these differences disappeared after the lesions (p = 
0.25 and p = 0.3. respectively; Student's t tests). The 
results of these experiments confirm that the main dif­
ferences in eyeblink conditioning parameters. such as 
the changes in peak amplitude and peak velocity that 
we observed between unlesioned Fmr1 mutants and 
their wild-type littermates, are largely due to a direct 
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mutants {n • 124), and floxod wild-typo control:; {n • 113}. 

difference in cerebellar control; in addition, they sug­
gest that these differences are not due to secondary 
developmental aberrations downstream of their P cells. 

Eycbllnk Conditioning In Fragile X Patients 
The data described above indicate that an animal 
model of Fragile X syndrome shows deficits in eyeblink 
conditioning and that this deficit is probably due largely 
to a lack of FMRP in cerebellar P cells. To find out 
whether a lack of functional FMRP in humans leads to 
t he same deficits in cerebellar motor learning, we 
tested affected males (n = 6) and controls (n = 6), using 
an eyeblink conditioning task in which the eyelids are 

conditioned to a tone. The patients showed severe defi­
cits (Figure 8). The peak amplitude (0.14 "' 0.03 em) and 
peak velocity (3.3 :t 0. 7 cm/s) in affected Fragile X 
males were, on average, significantly lower (p < 0.001 
and p < 0.001, respectively; Student's t test) than those 
in normal subjects (0.54 :t 0.06 em and 10.0 "' 1 .5 
cm/s, respectively). When separated according to train­
ing session (T1, T2, T3, and T4), peak amplitudes in 
Fragile X patients were significantly smaller than those 
in controls after T2, T3, and T4 (for T2 and T3, p < 0.05; 
for T4, p < 0.005: Student's t tests), while peak veloci­
ties in Fragile X patients were significantly smaller after 
T3 and T 4 (in both cases, p < 0.05, Student's t tests). 
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In addition, Fragile X patients showed a robust de­
crease in the number of CRs that were acquired during 
and after training (Figure 8C). The percentage of CRs 
was on average 80.3% "' 4.0% in control subjects and 
37.6% :< 2.7% in affected males. For all sessions, the 
differences in the percentage of CRs were significant 
(T1, p < 0.005; T2, T3, and T4, p < 0.001; Student's t 
tests). In contrast, neither the average onset latency 
(0.87 :< 0.05 s) nor the average latency to peak ampli­
tude of the CRs (0.95 :1: 0.06 s) in affected males (p = 
0.29 and p = 0.30, respectively; Student's t tests) dif­
fered from those in controls (0.92 :< 0.02 s and 1.02 "' 
0.03 s, respectively). UR kinetics were analyzed to 
check for possible deficits in reflex pathways that may 
contribute to reduced motor learning (Figure 8C). Nei­
ther the mean amplitude (0.59 :< 0.05 em) nor the mean 
velocity (1 3.4 :< 1.5 cmls) of the responses in Fragile X 
patients differed from those in controls (0.57 :1: 0.06 em 
and 1 5.9 :1: 2.0 cm/s, respectively) (p = 0.88 and p = 
0.31 , respectively; Student's t tests). Finally, when we 
subjected Fragile X patients and controls to randomly 
paired training paradigms, no CRs were observed. 
From these data. we conclude that Fragile X patients 

show the same deficits in eyeblink conditioning as 
those that we observed in the animal models of Frag­
ile X. 

Modeling Deficits In Eyebllnk Conditioning 
Associated with Enhanced LTD 
The observation that Fmr1 mutants show both deficits 
in eyeblink conditioning and enhanced PF LTD raises 
the question of whether these two factors are causally 
related. Such a relationship seems counterintuitive be­
cause PF LTD is assumed to form an important memory 
trace for cerebellar conditioning (Kockkoek ct al., 2003: 
Mauk and Donegan. 1997; Yeo and Hesslow, 1998). We 
therefore investigated whether enhanced LTD can lead 
to a diminished eyeblink response in a model (Figure 
9). The model that we created is focused on the impact 
of P cells on cerebellar nuclei neurons and is based on 
the following assumptions: (1) during its time course. 
the CS activates consecutively different sets of granule 
cells (Medina and Mauk, 2000); (2) for each activated 
granule cell, tho strength of LTD depends on the length 
of the time interval to the CF stimulus (Wang et al.. 
2000); (3) LTD at a PF synapse will decrease the re-
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sponse of a P cell to that PF input; (4) fast release from 
inhibition drives cerebellar nuclei neurons effectively 
through postinhibitory rebound (Aizenman and Linden. 
1999, 2000); (5) the strength of the response of a cere· 
bellar nucleus neuron will be determined not only by 
instantaneous changes in firing rate of the afferent P 
cells but also by the steady-state level of the activity of 
cerebellar nuclei neurons (a depolarization of the average 
resting membrane potential of cerebellar nuclei neurons 
can, by diminishing deinactivation of T-type Ca2• chan· 
nels. reduce the number of neunons that are available for 
postinhibitory rebound); (6) increased LTD in Fragile X re· 
suits in reduced P cell activity and decreased inhibition 
of cerebellar nuclei neurons at the resting level; and (7) 
the motor response during a CR is determined by the 
instantaneous firing rate of a subpopulation of neurons 
in the cerebellar nuclei (Gruart et al., 1997). The details 
and formulas of the model are presented in the Supple­
mentary Data (see Part II) and outlined in Figure 9. In 
short, the model demonstrates that a change in bal­
ance between excitation and inhibition in the cerebellar 
nuclei neurons, resulting from enhanced LTD at the 

PF-P cell synapse, may cause a paradoxical impair­
ment of the CR. The primary mechanism is exhaustion 
of the pool of cerebellar nuclei neurons capable of pro­
ducing postinhibitory rebound when the CS relieves the 
cerebellar nuclei neurons of P cell Inhibition. 

Discussion 

The present study shows that cerebellar abnormalities 
in Fragile X syndrome can occur at the morphological 
level, cell physiological level, and behavioral level. We 
found that a lack of FMRP results in a unique phenotyp· 
ical combination of elongated P cell spines, enhanced 
LTD at the PFs that innervate these spines, and an im­
paired motor learning capability that is controlled by P 
cells. This unique combination reveals not only the ex­
tent to which cerebellar deficits may contribute to ab· 
normalities in Fragile X syndrome but also possible 
clues about cerebellar function in general. 

The abnormalities of dendritic spines that we ob­
served in cerebellar P cells of both the global and cell· 
specific Fmr1 null mutants mimic only partially those 
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that have been described for pyramidal cells in the ce­
rebral cortex {Comery et al .. 1997; Hinton et al .. 1991; 
Irwin et al.. 2002). They follow the same pattern in the 
morphology of individual spines appearing as imma­
turely shaped processes with elongated necks and 
heads, but they differ in that their spine density is nor­
mal. Apparently, the density of spines in P cells is more 
tightly regulated by compensatory mechanisms than 
that in pyramidal cells is. The spine density in P cells is 
largely subject to a well-regulated process in which the 
CFs and PFs compete with each other for specific sites 
at the dendritic tree {Cesa et al., 2003; Kakizawa et al., 
2000). It is therefore attractive to hypothesize that the 
accelerated elimination of multiple CF inputs that we 
found in our electrophysiological recordings of Fmr1 
null mutants reflects a mechanism that compensates 
for a slowdown in spine maturation. Such a view is sup­
ported by recent data obtained by Strata and col­
leagues, who showed that at least two different mecha­
nisms are responsible for spine density and spine 
pruning in P cells, i.e .. one dependent on activity in the 
CFs and another one that is activity-independent 
(Br<:IVin et al., 1999; Strata et al .. 2000). 

One of our major findings is that a lack of FMRP 
leads to enhanced PF LTD without affecting the basic 
electrical properties of P cells. Interestingly, this differ­
ence between Fmr1 mutants and their wild-type con­
trols, which has not been described for any other cere­
bellar mutant before, occurs about 15 min after the 
offset of conjunctive stimulation of the PFs and CFs or 
about 15 min after repetitive stimulation of PFs alone. 
This period directly follows the critical time period dur­
ing which the presence and expression of one or more 

rapidly turned over protein{s) is/are required to induce 
LTD {Karachot et al., 2001). Thus, since FMRP can op­
erate as a negat ive regulator of mRNA translation {l.ag­
gcrbauer et al .. 2001), one may assume that FMRP 
probably normally inhibits the translation of at least one 
of the proteins that is required for the expression of PF 
LTD 1 5 min after its induction. Similar time frames have 
been found for the impact of a lack of FMRP on the 
induction of LTD at the CA3-CA 1 synapse in the hippo­
campus {Huber et al .. 2002). Based on their recordings 
in hippocampal slices, Bear and colleagues proposed 
a model in which they suggest that FMRP serves to 
limit expression of homosynaptic LTD by inhibiting 
mGiuR-dependent translation of local synaptic mRNAs 
that are involved in the stabilization of endocytosed 
AMPA receptors. Because PF LTD is also driven by acti­
vation of metabotropic glutamate receptors {Cocsmans 
et al .. 2003) and because PF LTD is ultimately also ex­
pressed as an endocytosis of AMPA receptors {Xia ct 
al., 2000; Linden. 2001), their hippocampal model may 
also be applicable to cerebellar P cells. Considering the 
common specificity of the electrophysiological effects 
in both the hippocampus and cerebellum in that a Jack 
of FMRP causes enhanced homosynaptic LTD without 
affecting basic electrophysiological properties, one 
would expect that the specific behavioral consequence 
of such a unique defect is prominently present. Unfor­
tunately, the hippocampal deficits that can be observed 
in Fmr1 null mutants subjected to spatial learning tests 
are partially controversial {see e.g., D'Hoogo ct al., 
1997; Dobkin et al .. 2000; V.:1n Dam et .:11., 2000). Here, 
we show that when subjected to an associative eye­
blink test, which allows us to detect deficits specific for 



cerebellar motor learning, these global Fmr1 null mu­
tants do have a robust phenotype and that the same 
behavioral phenotype can be observed in P cell-spe­
cific L7-Fmr1 mutants as well as in Fragile X patients 
themselves. All of them showed significantly less CRs, 
and they were all unable to increase the peak amplitude 
and peak velocity of their CRs during the training. In 
contrast, the latency to peak amplitude of the CRs was 
not significantly affected, indicating that learning­
dependent timing is not severely impaired by a lack of 
FMRP. In this respect, the phenotype of LTD-enhanced 
Fmr1 mutants diverges from that of LTD-deficient mu­
tants. Transgenic mice in which PF LTD is selectively 
blocked by P cell-specific expression of an inhibitory 
peptide against multiple isoforms of protein kinase C 
(DeZeeuw et al.. 1998) cannot adjust the timing of their 
CRs to the moment of onset of the US (Koekkoek et 
al.. 2003). On the other hand, these LTD-deficient mice 
show, like the Fmr1 mutants, a reduced percentage of 
CRs, and they are also unable to increase the peak 
amplitude and peak velocity of their CRs during the 
training. Thus. while the existence of PF LTD may be 
qualitatively necessary for the occurrence of learning­
dependent timing of CRs, the exact level of PF LTD may 
be quantitatively responsible for the amount of CRs. 
Perhaps there is a level of expression of PF LTD that is 
optimal for attaining a maximum level of learned re­
sponses. Our model suggests that the CR may be im­
paired if the average level of the activity of cerebellar 
nuclei neurons is at a nonoptimal steady-state due to 
decreased inhibition by P cells. A mathematical model 
of cerebellar learning (Kenyon et al .. 1998) predicted 
that enhanced LTD at the PF·P cell synapse would 
cause compensatory changes in the entire cerebello· 
olivary feedback loop. More particularly, an increased 
steady-state activity of cerebellar nuclei neurons would 
be needed to restore the balance between LTD and 
long-term potentiation (LTP) and to stabilize the weights 
of the PF-P cell synapses at nonsaturating values (see 
also Coesmans et al.. 2004). The present model sug­
gests that an altered steady-state level of the activity 
of cerebellar nuclei neurons may, in addition. impair the 
expression of the CR. Interestingly, the cerebellum may 
not be the only brain region in which an optimal rather 
than a maximum level of cellular plasticity is necessary 
tor effective learning behavior. Several studies have 
demonstrated that a relatively mild enhancement of 
LTP induction in the hippocampus can be associated 
with impaired fear conditioning or spatial learning (Gu 
et al., 2002: Migaud ct al .. 1998). 

Due to the unique aberration of enhanced LTD in 
Fmr1 mutants and due to the unique combination of 
their deficits in classical conditioning. we have not only 
provided suggestive evidence for the potential impor­
tance of an optimal, instead of a maximum, level of PF 
LTD for cerebellar motor learning, but we have also 
shown that cerebellar deficits may be associated with 
learning deficiencies in Fragile X syndrome. Over the 
past decade, research on the potential roles of the cer­
ebellum in cognitive processes has shown a remark­
able advent. Investigations vary from transneuronal 
tracing studies. showing robust reciprocal and topo­
graphic connections between the cerebral and cerebel­
lar cortex via the pons and thalamus (Kelly and Strick, 

2003: Middleton and Strick, 1994), to clinical and neu­
ropsychological studies, showing cognitive dysfunc­
tions following cerebellar lesions (Leiner et al., 1993). 
and imaging studies, showing cerebellar activit ies corre­
lated with cognitive activities (Kim et al., 1994: Vokaer 
et al., 2002). Thus, while a lack of FMRP in areas such 
as the cerebral cortex, amygdale, and hippocampus 
may induce cognitive symptoms in Fragile X syndrome, 
the current data allow us to conclude that a lack of 
functional FMRP in cerebellar P cells may equally well 
lead to deficits in motor learning in Fragile X patients. 

Exporimontal Procodurots 

Eyobllnk Conditioning In Mice 
Wlld·typo ond Fmr1 mutant m!co woro prop~rod for oyoblink condl· 
tlonlng occordlng to tho MDMT procoduro os doocrlbod by Kook­
kook ot al. (2002). In ::hort, mlco woro anosthotlzod, using a mixture 
of nitrous oxldo and haloth::mo, o.nd il promn.do connector was 
placod on tho skull. A ~n~or chip llnkod to tho connector wa~ 
plncod over tho upper oyolld, whllo a mognot was attached to tho 
lower oyolld. Mlco woro subjoetod to olthor a p<lirod oro randomly 
p:::alrod proeoduro In four :.osslons. During ono sos$iOn, tho subject 
rocolvod 64 trial~ groupod In 8 blocks. Tho trials woro ::op::~r::.tod by 
o. random lntortrio.l lntorv::J.I (ITI) ranging from 20 s to 40 s. In tho 
procoduro of po.lrod training. ooch block con~lotod of ono US-only 
trl:::~l , slx polrod trl:Jis, and ono CS-only trial. After four oosslono of 
paired tro.lnlngs tho subject was allowed to rest tor 1 do.y. followed 
by two sessions of extinction. In tho extinction procedure, oo.ch 
block consisted of ono US-only tri:ll o.nd sovon CS-only tria ls.. In 
tho randomly pa.lrod procoduro, tho US occurred randomly In tho 
ITI, whllo tho CS woo glvon DO doocrlbod In tho polrod trlolo. In tho 
an.llysos of tho oyolld movomonts. we consldorOO o movomont a s 
o. significant oyolld rosponso when Its :1mplltudo w:as grantor than 
tho moan ... 3 SOs of tho amplitude of tho movements that occurred 
In tho 500 ms period boforo tho onset of tho CS. Such n rosponoo 
wns consldorod to contnln ::1 startle response whon movomont oc­
curred within tho 60 ms porlod directly 01ftor tho onsot of tho CS: 
whon slgnlflc:lnt movomont occurrod attar this period, It was con­
sidered a CR. 

Coli Phyolology 
Mica wero o.nosthotlzod with other o.nd docapltatod (for dota.Us, soc 
Lla no ot nl., 1991 ). Tho coroboilum was oxcl~d. and slices wore 
propo.rod from tho vonnls. Tho rocordlng cho.mbor wo.::. porfusod 
with oxygonlzod s:allno cont:1lnlng 100 ~M picrotoxin. Rocordlngs 
of P coils woro obtained at 31 .o•c, u:.lng a.n upright Nlkon or Zol~~ 
mk:ro~copo, o.nd wholo-co\1 po.tch·clo.mp recordings woro obto.lnod 
with tho usc of boroslllco.to plpottos (roslsmnco, 3-5 M !1). Mom­
brnno curront was rocordod with a. Multlclamp700A o.mpliflor (Axon), 
whllo ~timulo.tlon o.nd online data acqul~itlon woro porlormod using 
pClo.mp 9 software (Axon). PFs o.nd CFs wore focally stimulated by 
applying pul~s through glass pipotto!> positioned on tho surtoco 
of tho ::.llco. Proportlos of voltagoMgatod Co;!• channel:. In P coils 
woro moo.~urod under voltage-clamp conditions. Slow EPSC 
cnusod by ropotltlvo stlmulotlon (8 pulsoo, 50 Hz) vlo typo 1 motn­
botroplc glutam.o.to receptors (mGiuR1) wo.s mo:1surod In tho pre:;­
onco of NBOX (10 ~J.M) (Batchelor and Gorthwolto, 1997). 

Gonoratlon of Purklnjo Coli-Specific Fmr1 Knockout 
Mleo. L7-Fmr1 Mutant Mlco 

Wo gonorotod conditional knockout mlco In which tho first coding 
axon of Fmr1 co.n bo dolotod through Cro-modl:ltod recombination. 
In brlol, tho floxod Fmrf ollolo contolno D lox slto 2800 bp In lront 
of oxon 1 of tho Fmr1 gone ;;J.nd a second lox :Ito 260 bp after ox on 
1 In lntron 1 of tho Fmrf gono. Mlco expressing o L7/PCP2-cro 
tr.:lnsgono (Bnrskl ot ol. 2000) wore subsequently c rossed with tho 
floxod Fmr1 mlco to gonoro.to a P coiiMspoclflc Fmr1 knockout 
mouse. To confirm tho.t FMRP was soloctlvoly not oxprossod In P 
coils, ::~dult mlco wore ~criflcod o.nd proco~sod for lmmunohlsto· 
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chemical onalyslo of FMRF> oxpro»lon (for details, sao Bakker ot 
al., 2000). 

Cytology of Purklnjo Cello 
Tho morphology of P coils was lnvostlgotod, Ir-Ing BOA lnjoctlon• 
or lmmunocytochomlstry against colblndln. BOA Injections (10% In 
0.1 M phosphate buff or) woro modo following oloctrophyslologlcal 
Identification of tho corobollor nuclei. Alter tho Iontophoretic lnjoc­
tlons, tho 01nlm::~ls woro ~nowod to rocovor 1or 5 d::~ys ond thon woro 
subsocuontly onoothotlzod (Nembutal; 50 mglkg) and porfusod 
with 4o/o poroformoldohydo In 0.1 M phosphate buffer. Tho brain:: 
woro romovod nnd cut In s:Jg!ttal soetJons, which woro ro::.ctod with 
ABC complex and dlamlnobonZidlno to vlsuafizo tho BOA. Calbln­
dln lmmunocytochomi::try wos por1ormod by lncubotlng tho ~oc· 
tlono with rabbit ontl-colblndln antibody, ABC, ond dlornlnobonzl­
dlno. Soma of tho soctlono woro lnvostlgatod under tho light 
mlcro~copo, whllo othor:l woro O:mllcatod, omboddod In Ourcup:m, 
and procoosod for electron mlcroocopy (Do Zoouw ot nl .. 1 989). 
For analysis, Purklnjo cou dondrttos woro dlvldod Into a proximal 
category of dendrites (with a diornotor ~ 1 .5 I'm) and a dlotal cato­
gory (w ith o dl:».motor < 1.5 ,...m). Spino don~lty was C:llcul:.tod by 
dividing tho total number of ::plno:l par dondrlto by tho length of 
tho dondrito. Total splno length was calculotod by measuring tho 
dl•tanco botwoon tho tip of tho oplno ho:>d :>nd tho b:>so of tho 
splno nock; oplno hood length was moosurod by multiplying 
tho di:"Jt.onco from tho tip of tho :plno to tho hood dlamotor·lntor· 
soetlon llno by a factor of two; and ~plno nock longth w:r. calcu· 
latod by subtracting tho splno hood length from tho total splno 
longth. 

Corobollor Loolons 
Tho anterior lntorposod corobollor nuclol wore ldontlflod with tho 
usc ol oloctrophyslologlcal record ings In trolnod onlmnls, Qnd tho 
lo::.lon:; wore ~ub:.oquontty modo with tho u:;o of pro::.suro lnjocUons 
of 200 nmol of N·mothyt-0-asparto.to. Attor rocovory and now oyo· 
blfnk recordings, tho animal:; woro o.no:;thotlzod (Nembutal; 50 
mglkg) and tronscordlolly porfusod with 4o/o poraformnldohydo In 
0.1 M phosphate buffor. Tho brnlns wore romovod ::md cut Into :;oc­

tlon:. which woro :.talnod with sllvor roogonts a:; doseribod by 
H:10odljk ot ol. (2002). 

Eyobllnk Conditioning In Humano 
Normal mo.los ond malos wrth Fragile X syndrome woro :;ubjoctod 
to oyobtlnk condhlonlng procoduro• whh tho u-..o of MDMT :>nd 
vldoo technology. MDMT ns doscrlbod by Kookkook ot al. (2002) 
wao mod~lod oo It could bo appllod to humnn subjecto. During 
MOMT rocordlng, wo ::;lmutt.lnoou:oly capturod vldoo fromo:. for en!· 
lbro.Hon purpo~s. Tho MOMT :.on~ was onoehod on tho odgo of 
tho Ot'bit below tho right lower oyoUd, whllo a NIB mognot w.1.:; ::u­
to.chod to tho odgo of tho right uppor oyolld. A hoad:;ot containing 
tho MDMT ornpllflor, MDMT powor supply, puff nozzle, mlnl.oturo 
camora, ond hoodphonos was mountod on tho hood of tho subjoct. 
Subjoct::) wore so::~tod boforo o monitor and ollowod to watch a 
movie. Tho ho:J.d:oot provldod a hoad·froo rocordlng :.ltuatlon. 
which r.: necosoory when dealing with mentally compromlsod pn­
tlonts. Tho puff nozzle wos ::.ot to dlroct tho nlr puff to tho eomo:1 
close to tho outer canthus of tho oye at o dlstnnco of 15 mm. Tho 
puH hod 3.n lnton:;ity of 20 PSI :at tho ~reo, whllo :.tlmulu~ dut:~· 
tlon w:as sot at 20 ms. Tho :oound of tho movlo actod a.:; background 
noise, and volumo was odjustod to on avorogo of 75 dB. Tho CS 
was a 650 Hz tone at 75 dB with o durotlon of 520 mo starting 500 
mo prior to US dollvory (intorstlmulus Interval, 500 mo). Tho ho:>dsot 
provldod comploto sound lsol.otlon from tho onvlronmont. Tho tr.>in­
lng was dlvldod Into four trolnlng ~o:s:;lons with two blocks of eight 
trials ooch. Each block contolnod ono CS-only and ono us-only 
trial, which woro randomly dlotrlbutod. Tho ITI woo randomly doter· 
mlnod but otwoys r:angod from 10 ::; to 30 s. All dat:l values woro 
obtolnod from CS-only tl'lal::., with tho oxcopHon of UR doto voluo~. 
In tho rondomly polrod precoduro, tho US occurrod rondomly In tho 
ITI, whllo tho CS wno glvon ,,. In tho polrod triolo. For ona~s 

crltorla, soo Kookkook ot ol. (2002). 

Modo I 
Simulations wero porlormod with cu:;tom·writton C code. 011-
forontlal oquotlons (sao Supplemental Oota) woro lntogrotod with 
tho forword Eulor method. In population modols llko tho pro~nt 
ono, thoro Is nn un:1vold:1blo IQ.Ck of do.to to con:otroln all po.romc­
tOf""' .... Wo thofoforo conflnnod that tho mo\n tlndlng, l.o., tho critical 
dopondonco of tho CR omplltudo on tho stondy-stoto lovol of nctlv­
ity In P col\~ and nouron":l of tho col'obol\or nuclei. eon be ropro­
dueod in modal:; ~ring thoso foaturo:;: tho lnstantnnoous ro­
":)ponso of corobollor nuclonr neurons ~ domln:1tod by rebound 
dl:;chorgos, tho rebound dlxhorgo doponds on tho lovol of lnhlbl· 
tlon, ond tho pool of neuron::; ovallablo for dl:;lnhibltion, or tho over­
all rebound ro~:;o. c.:m bo oxh.1.ustod. 

SuppJ.cmontDI 0DtD 
Supplomontal Data Include a toblo Qnd ooctlono of toxt pertaining 
to coil physiology, tho mathomotlcol modol usod, ond tho results 
and c:m bo found with this a.rtlclo onllno ot hn p:t/www.nouron.org/ 
cgVcontonVfuiV4 71313391DC1/. 
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Discussion 

Dendritic spines are the small mushroom-shaped postsynaptic membrane 
specializations that protrude from the cell surface of neuronal dendrites and are the 
major sites of glutamatergic input in the brain. Spines are motile, exist in a variety of 
shapes ranging from mushroom-shaped to thin filopodia-like spines and correlate with 
the strength of the synapse, making them attractive structural candidates for learn-
ing and memory (Yuste and Bonhoeffer, 200 l ). The distinct responsiveness of thin, 
filopodia-like spines to synaptic activity has led to the suggestion that they are ' learning 
or plasticity spines', whereas the stability of mushroom spines suggests that they are 
'memory spines' (Bourne and Harris, 2007) (Kasai et al. , 2003). Several human mental 
retardation syndromes have been linked to al tered spine morphology (Kaufmann and 
Moser, 2000: Newey et al. , 2005). 

Several models have been proposed to describe the molecular and cellular 
mechanism underlying spine morphology and plasticity (Bourne and Harris, 2007; 
Ethell and Pasquale, 2005). It is generally believed that changes in spine morphology 
are primarily based on tight coordination of actin dynamics (Ethel! and Pasquale. 2005: 
Tada and Sheng, 2006) and membrane trafficking (Kennedy and Ehlers, 2006). Howev­
er many fundamental issues are still unresolved. The studies in this thesis describe new 
mechanisms involved in spine and synaptic plasticity. ln this chapter we will discuss 
the conclusions from the experimental work presented in this thesis. 

The role of microtubules in spine morphology 

Post-mitotic neurons show a very characteristic microtubule organization 
which is distinct from dividing cells. In mature neurons, most microtubules are not 
attached to the centrosome but form dense bundles running along the length of axons 
and dendrites cross-linked by microtubule-associated proteins, such as MAP2 and tau 
(Chen et al. , 1992). Microtubule arrays within neuronal processes are highly orga­
nized with respect to their intrinsic polarity (Baas et al., 1988). Ultrastructural studies 
show that in axons, microtubules are generally long and uniformly oriented, with their 
plus-ends distal to the cell body, whereas in proximal dendrites mierotubules are much 
shorter and exhibit mixed polarity (Jaworski et al. , 2008). More distal thinner dendrites 
of higher order, however, contain unipolar microtubules oriented the same way as the 
axonal ones (Baas et al. , 1988). This specialized microtubule organization has recently 
been visualized by following the microtubule plus end binding protein EB3 in living 
neuronal cells (Ahmad et al., 2006: Morrison et al., 2002; Stepanova et al., 2003). It 
was shown that in axons and distal dendrites a ll dynamic microtubule plus-ends point 
toward growth cones while in proximal dendrites significant EB3-GFP movement was 
directed towards the cell body (Stepanova et al., 2003). The major role ofmicrotu­
bules in mature neurons is to act as railways for motor-based transport. The polarized 
microtubule network can generate asymmetries in the neurons and direct specific motor 
proteins. In addition, the microtubule cytoskeleton serves as a primary spatial regula­
tor of cell migration, axonal outgrowth and neuronal differentiation. At their growing 
tips, microtubules can recruit regulatory molecules(+ TIPs) which function as signal­
ing devices to regulate cytoskeleton dynamics and protein targeting at specific cellular 
locations (Basu and Chang, 2007; Lansbergen and Akhmanova, 2006) . For example. 
+TIPs have recently been shown to be important for targeting of voltage gated potas-
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sium (K vI) channels into the axons (Gu et al.. 2006) and gap junction formation (Shaw 
ct al., 2007). It is therefore not surprising to find a strong functional interplay between 
microtubule dependent mechanisms and neuronal development and maintenance. 
For a long time microtubules were considered to be predominately present along the 
dendrites in mature neurons but absent from dendritic spines. Most studies, typically 
visualizing microtubules using MAP2 antibodies or fluorescent constructs have only 
detected microtubules in the dendritic shaft. MAP2 preferentially binds stable microtu­
bules and thus fails to label the dynamic microtubules. Some EM studies have detected 
the presence of microtubules in spines (Chicurel and Harris, 1992; Fiala et al. , 2003), 
however it is unclear if the presence of microtubulcs has any influence on dendritic 
spine structure or function. In chapter 2 we visualized dynamic microtubulcs by GFP­
taggcd end binding protein 3 (EB3) and show that growing microtubules periodically 
depart from the dendritic compartment and enter dendritic spines in mature cultured 
hippocampal neurons. Furthermore, we demonstrate that dynamic microtubules labeled 
with EB3 affect spine morphology. Overcxprcssion of EB3 leads to spine enlargement 
while EB3 knockdown leads to an increase in filopodia shaped spines. Dynamic mi­
crotubulcs entering the spine seem to be able to affect actin organization within spines. 
First. EB3 overexpression increases F-actin staining in the spine and a knockdown of 
EB3 decreases F-actin staining. We treated control and EB3 knockdown neurons with 
jasplakinolide and latrunculin B, drug that arc known to increase actin polymeriza-
tion and dcpolymcrization, respectively. Jasplakinolide rescues the EB3 knockdown 
phenotype. while latrunculin B further enhances the phenotype. Second, p140Cap, a 
new binding partner ofEB3. is involved in controlling actin organization. Endogenous 
pl40Cap in hippocampal neurons localizes in spines and colocalizes with F-actin. 
Overcxpression of p 140Cap increases spine size and rescues the EB3 knockdown 
phenotype. Although it is clear that EB3 is involved spine plasticity, it remains unclear 
whether MTs need EB3 for spine entry. It will be interesting to investigate microtubule 
dynamics in neurons lacking EB3 . Moreover, EB3 null mutant mice might provide a 
good model system to investigate the role ofEB3 in microtubule dynamics and synap­
tic plasticity. 

Aside from regulating the actin cytoskeleton in the spine via pl40Cap, micro­
tubules penetrating spines might be involved in other processes affecting spine mor­
phology. The microtubule might provide a direct route from the dendrite into the spine 
for microtubule-dependent transport of cargo enabling fast recruitment of components 
necessary for spine growth and synaptic function. ln cultured hippocampal neurons 
EB3-labelcd MTs entering a spine can only be found in a small fraction (4%) of den­
dritic spines at any given time. The time EB3 can be detected in the spine is short (- 3 
sec). While microtubules are found in the spine for up to- 2 minutes (Hu ct al., 2008). 
This is more than enough time for microtubule dependent motor proteins to travel 
along the microtubules and deliver their cargo at the synaptic site in the spine head. It is 
still unclear what triggers microtubule entry in a spine and why some spines are entered 
and other neighboring spines are not. Additional studies will be required to determine 
the signaling pathways triggering microtubulcs to enter the spine. 
In other model systems, such as epithelial cells, it has been shown that microtubule plus 
ends can target cell-cell adhesion sites and affect the integrity of those sites (Akhman­
ova ct al. , 2009). Cadherin-based cell-cell adhesion sites are positively affected when 
targeted by microtubule plus ends. N-cadherin is a cell adhesion protein found in 
the synaptic cleft and might be a target for dynamic microtubules entering the spine. 



Whether microtubules and adhesion proteins affect each other in the dendritic spine and 
if this possible interaction has any functional significance in spine plasticity needs to be 
investigated. 

The role of endosomes in spine morphology 

Based on of uptake of extracellular gold particles (Cooney et al. , 2002), visu­
alizing clathrin assembly in living neurons (Blanpied et al., 2002), and pre-embedding 
immunogold electron microscopy (Racz et al., 2004), it was shown that dendritic spines 
contain endocytie machinery. The endosomal compartments are present in the spine 
head or immediately beneath the spine. Membrane trafficking from recycling endo­
somes is a common mechanism that cells employ to expand the plasma membrane, and 
target proteins in a polarized manner in such distinct processes as cytokinesis, cell-cell 
adhesion, phagocytosis, and cell fate determination. 

Endosomal recycling at the synapse is an essential process to maintain synap­
tic strength and at the same time allow for synaptic plasticity. Recycling of receptors 
occurs continuously at the synapse, moving receptors from the synaptic membrane to 
an internalized pool of receptors and back to the cell membrane. A popular model is 
that recycling endosomes in close proximity to synapses or even within dendritic spines 
provide a local intracellular pool of glutamate receptors, such as AMP A-type glutamate 
receptors (Greger and Esteban, 2007; Kennedy and Ehlers, 2006). Interestingly, it has 
been found that recycling endosomes supply AMPARs for LTP. Stimuli that triggered 
LTP promoted AMPAR insertion and increased generalized recycling of cargo and 
membrane from endocytic compartments. 

In chapter 3 we show that GRASP-I can regulate endosomal trafficking in 
dendritic spines by connecting Rab4-positive early recycling endosornes with Rab I t­
positive late recycling endosomes. This endosomal recycling pathway is essential for 
maintenance of spine morphology. Overexpression of dominant negative forms of Rab4 
or Rabll disrupts this endosomal recycling which leads to a decrease in spine density 
in hippocampal neurons. Similarly, a knockdown of GRASP-I in neurons leads to a 
decrease in the numbers of mushroom shaped spines and an increase in filopodia. We 
have shown that GRASP-1 is able to separate Rab4-positive endosomes from Rab-
5 positive endosomes and link these Rab4-positive endosomes with Rab It-positive 
endosomes. In addition, we demonstrate that efficient AMPAR recycling depends on 
GRASP-I. In both control neurons and GRASP- I knockdown neurons AMPAR surface 
labeling decreases quickly after AMPA stimulation, but while the amount of AMPAR 
at the surface completely recovers after an hour in control neurons this recovery is 
not seen in GRASP-I knockdown neurons. Interestingly, chemically induced LTD by 
stimulation with NMDA affects the GRASP-I localization. Colocalization of Rab4 and 
GRASP-I disappears after NMDA activation, suggesting that NMDA activation might 
lead to inactivation of either Rab4 or GRASP-I , disabling the binding of endosomes, 
Rab4 and GRASP-I. This could block access to the recycling endosomal pathway and 
force internalized receptors into the lysosomal pathway. In this way, different forms 
of synaptic activity could regulate the sorting endosomal pathways by influencing the 
different Rab GTPase proteins bound to cndosomes. A GRASP-I KO mouse could be 
a nice model to further investigate the role of GRASP-I in endosomal pathways and 
AMPAR recycling in the dendritic spine. 
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Fragile X syndrome and spine morphology 

Fragile X syndrome is the most common heritable form of mental retardation; 
it is caused by a lack of expression of FMRP (fragile X mental retardation protein). 
FMRP is an RNA binding protein that associates with polyribosomes and is localized in 
neurons in RNA transport granules (Antar et al., 2005); (Wang et al., 2008). FMRP has 
been shown to influence the translation efficacy of several of its target mRNAs (Bagni 
and Greenough, 2005; Bardoni et al.. 2006; Zalfa et al., 2007) and is therefore thought 
to be involved in the transport and/or the regulation ofmRNA translation. 
In chapter 4, we show spine abnormalities in Purkinje cells in the cerebellum from 
FMR I knock-out mice, we demonstrate that these abnormalities cause deficits at cell 
physiological and behavioral level. Several other studies have shown that lack of 
FMRP results in an abnormal spine morphology in many other brain regions like the 
cerebrum (Comcry et al., 1997; Hinton et al., 1991 ; Irwin ct al., 2002) and the hip­
pocampus (Pfeiffer and Huber, 2007). Dendritic spines of both FMRI knock-out mice 
and Fragile X patients (Koukoui and Chaudhuri, 2007) have an immature filopodia­
like morphology with long spine necks and small spine heads. It has been shown that 
FMRP is localized in dendritic spines of mature neurons and can bind to a subset of 
mRNAs involved in local translation, including mRNAs coding for synaptic proteins 
such as PSD95 , CaMKI~ and GluR I /2 (Basse II and Warren, 2008). FMRP translation 
occurs after activation of metabotropic glutamate receptors (mGluR) (Huber et al.. 
2002) suggesting FMRP is an activity-dependent regulator of mRNA translation in 
spines. mGluRI /5-depcndent LTD is enhanced in hippocampal neurons (Huber et al., 
2002) and Purkinje cells (chapter 4) in FMR I knock-out mice. The abnormal regula­
tion of local mRNA translation in FMRI knock-out mice may explain the increased 
AMPAR internalization at the synapse (Nakamoto ct al., 2007). Blocking mGluRI /5 
receptors with the antagonist MPEP normalizes AMPAR internalization and decreases 
local protein synthesis to normal levels in spines of FMRP deficient neurons (Dolen et 
al. , 2007). Furthermore, lack of FMRP leads to a lower motility of mRNA and lower 
association of mRNA and kinesin in dendrites (Dictenberg et al., 2008). Suppression 
of FMRP or blocking of mRNA transport from the soma to spines in wild type neurons 
lead to a filopodia like spine morphology as seen in Fmr-1 KO neurons (Dictenberg et 
al., 2008). To what extend the disrupted mRNA transport in dendrites contributes to 
the abnormal spine morphology seen in FMRP knock-out mice is not yet fully clear. 
Further studies are required to determine the exact processes through which FMRP 
influences spine morphology, AMPAR internalization and synaptic plasticity. 



Concluding remarks and future directions 

At the moment a spine grows, transport of receptors, PSD components and 
membrane components to the spine head is needed to enable the spine to enlarge its 
membrane surface and to incorporate more receptors in the synaptic membrane to 
increase its synaptic strength. The narrow spine neck separates the spine head from 
the dendritic shaft, limiting transport between those two parts of a neuron (Alvarez 
and Sabatini. 2007). A fast and highly regulated form of transport is needed to enable 
the fast plasticity seen in spines (Fig. 1). Microtubules invading spines could provide 
a pathway for this fast and regulated transport. Microtubule invasion of a spine is an 
activity-dependent process (Hu et al., 2008) and leads to growth of the spine (chapter 
2). The microtubule grows quickly into spine and stays in the spine long enough for mi­
crotubule dependent motor proteins to deliver their cargo in the spine head. In contrast 
to the dendrite where microtubules have a mixed orientation, microtubules in the spine 
have a uniform polarity with their plus-end in the spine head and their minus end in the 
dendritic shaft. Thus in this way microtubules could enable polarized cargo transport, 
as kinesin motors can only move into the spine and dynein/dynactin motors can only 
traffic out of the spine. Interesting ly, several components of the dyne in complex have 
been identified in postsynaptic density (Cheng et al. , 2006). 

Stable spine 
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Figure I: Model for tlte role of microtubules, endosomes and FMRP in spine plasticity. 
In a stable spine A MPA receptors are constantly recycled from the synaptic membrane to an intracellular 
pool and vic a versa. After invasion of a microtubule into the spine endosomes can be tramported from the in­
tracellular pool to the spine head by kinesins. shifting the equilibrium in endosomal recycling toward exocy­
tosis which leads to spine growth. more A MPA receptors at the synaps and thus increased :.ynaptic strength. 
FMRP is involved in the transport of a subset ofmRNAs to the spine and in the regulation of translation of 
this subset ofmRNAs. FMRP may regulate the translation of proteins involved in endosomaltransport or 
AMPA receptor recycling. If so. lack of FMRP may cause the equilibrium in endosomal recycling shift toward 

endocytosis. leading to AMPA receptor internali=ation and increased LTD. 117 
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Several questions raised by the current study remain unanswered. Do microtu­
bule dependent spine and dendrite alterations play a direct role in neurological dis­
eases? How are spine microtubule dynamics influenced by synaptic activity? Further­
more, it has recently been shown that after LTP induction, transport ofRabl I positive 
recycling endosomes containing AMPA receptors from the dendritic shaft into the spine 
to the spine head is enhanced (Wang ct a!., 2008). It is tempting to speculate that these 
recycling cndosomes are directed into the spine by microtubule dependent machinery. 
It would be interesting to find out whether GRASP-I has a role in this process. Al­
though technically challenging, it will be worthwhile monitoring AMPAR recycling in 
the absence GRASP-I in living neurons. Furthermore, electrophysiological measure­
ments in hippocampal slices need to be performed to reveal the in vivo role of GRASP­
I at synapses. 

The fact that FMRP can associate with kincsin motors raises the intriguing 
possibility that also FMRP dependent mRNA transport can use spine microtubules 
as trafficking routes to the postsynaptic site (Fig. 1 ). In this model we show possible 
mechanisms in which FMRP can affect dendritic spine plasticity. Also in this study 
several questions remain unanswered. What is the link between mGluRJ/5 dependent 
LTD and AM PAR recycling? Does FMRP regulate mRNA translation of any protein 
involved in AMPAR recycling? Could FMRP influence indirectly cndosomal Rab GT­
Pasc activity? 

It will be interesting to further investigate the cytoskcletal and trafficking 
mechanisms underlying synaptic plasticity. Moreover, we need to identify the mo­
lecular components involved in these processes and determine how these molecules 
function in a complex synaptic protein network in order to regulate dendritic spine 
morphology and plasticity. Furthermore, understanding how different neural stimuli. 
such as LTP and LTD, regulate spine plasticity and modify neuronal connections will 
be important to fully understand the cellular basis of learning and memory. As dendritic 
spine abnormalities arc found in many neuropathologies. understanding the molecular 
processes underlying dendritic spine morphology and plasticity will also be useful to 
gain further understanding in those neuropathologies. 
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Summary 

The brain is an extensive network of neurons. Complex processes like sen­
sor, motor and cognitive functions are processed and regulated in the brain. Learning 
and memory are also processes that take place in the brain. Neurons receive signals 
and pass these signals on to other neurons. Synapses are the points of contact between 
neurons at which communication between those neurons is possible. A synapse has a 
presynaptic compartment at the axon of the neuron that sends the signal and a postsyn­
aptic compartment at the dendrite of the receiving neuron. Signal transmission over 
a synapse occurs when a electric stimulus triggers the presynaptic synapse to release 
neurotransmitters. Those neurotransmitters can bind to receptors at the postsynaptic 
compartment which can lead to electric signal in the receiving neuron. 
Neurons can quickly adapt to new information by adjusting the amount of synaptic 
connections and the strength of those connections with other neurons and thereby 
changing the networks they are part of. New synapses can be made, existing synapses 
can disappear, grow or shrink. This synaptic plasticity is thought to be the mechanism 
behind learning and memory. Abnormalities in the synaptic connections between neu­
rons are found in many neuropathologies. 

ln this thesis we try to gain further insight on the molecular processes involved 
in the plasticity of the postsynaptic compartment of the synaps, the dendritic spine. 

Chapter 1 is an overview of the current knowledge of synaptic transmission, 
spine morphology and transport of synaptic proteins. 

In chapter 2 we describe how dynamic microtubules can enter a dendritic 
spine and modulate spine morphology. We describe the interaction between microtu­
bule plus end binding protein EB3 and p 140Cap, a protein localized in the spine. We 
show that dynamic microtubule, EB3 and p 140Cap are essential for synaptic transmis­
sion and for maintaining spine morphology in hippocampal neurons. Knocking out 
EB3 , p l40Cap or disabling dynamic microtubuli leads to fi lipodia like spines. We show 
that EB3-labeled growing microtubule ends bind pl40Cap and regulate the localiza­
tion ofpl40Cap. pl40Cap can interact with the actin binding protein cortactin. Thus. 
we propose a possible mechanism linking dynamic microtubuli entering spines, actin 
dynamics and synaptic plasticity. 

In chapter 3 we identify the protein GRASP-I as a neuron specific effector of 
Rab4 and a key component of the molecular machinery that coordinates the endosomal 
system in dendrites. We show that GRASP-I is necessary for AMPA receptor recycling, 
maintenance of spine morphology and endosomal mobility. GRASP-I enables coupling 
between early and late recycling endosomes by binding Rab4 and the SNARE protein 
syntaxin 13 . The data uncover a new mechanism for regulation of membrane receptor 
transport. 

In chapter 4 we investigate the effects on spine morphology of the absence of 
functional FMRP in neurons. In patients, a mutation in FMRI results in the absence of 
FMRP which causes Fragile X syndrome. In a mouse model for Fragile X syndrome we 
show that the absence ofFMRP results in abnormal spine morphology in Purkinje cells 
in the cerebellum and deficits on both cell physiological and behavioral level. Fragile X 
patients display the same deficits in motor learning as the mutant mice. 
In chapter 5 we discuss the results we described in this thesis and possible directions 
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for future studies to further investigate spine morphology and synaptic plasticity. 125 





Samenvatting 

De hcrscncn bestaan uit een uitgebrcid netwerk van zenuwcellen, ook wei 
neuronen genaamd. Complexe processen zoals sensorische, motorischc en cognitieve 
functics worden in de hersenen verwerkt en gercguleerd. Ook lercn en geheugen zijn 
proeessen die in de hcrscnen plaats vinden. Neuronen kunnen signalen ontvangen en 
aan elkaar doorgcvcn. Deze eommunicatie verloopt via synapsen, de contactpunten 
tussen ncuroncn. De synaps bestaat uit cen presynaptisch compartiment op een axon en 
ecn postsynaptisch compartiment op ccn dendrict. Signaal ovcrdracht over een synaps 
komt tot stand doordat na een electrische stimulans, neurotransmitters vrij komen uit 
het presynaptischc compartiment die kunnen binden aan rcccptorcn in het postsynap­
tischc compartiment wat leidt tot een electrische signaal in het postsynaptische neuron. 
Ncuroncn zijn in staat om zich snel aan tc passcn aan nicuwc informatie door het aantal 
verbindingcn en de kracht van de verbindingen met andere neuronen aan tc passen en 
hicrmee vcrandcringen aan te brengen in de nctwcrkcn waarin zc zich bevinden. Dit 
gebcurt door nieuwe synapsen te maken en/of bestaande synapscn te Iaten grocien of 
verkleincn en wordt gczien als het mechanisme dat het brcin in staat stelt tot leren en 
geheugen. Hct is gocd bekend dat bij vee! neurologischc aandoeningen afwijkingen 
worden gcvondcn in de synaptische verbindingen tussen ncuronen. 
In dit proefschrift probeer ik meer inzicht te verschaffcn in de molcculaire processen 
die betrokken zijn bij de plasticiteit van het postsynaptischc compartiment van de syn­
aps. de dcndritische spine. 

In hoofdstuk 1 gecf ik een overzicht van de huidigc kennis op het gebied van 
synaptischc transmissic, spine morfologie en de molcculairc proccssen die betrokken 
zijn bij het transport van synaptische eiwitten. 

In hoofdstuk 2 wordt beschreven dat dynamischc microtubuli een dendri­
tische spine in kunnen groeien en zo de morfologie van de spine kunnen beinvloeden. 
We beschrijvcn de interactie tussen het plus eind bindendc eiwit EB3 en het in de spine 
gelokaliseerde eiwit pl40Cap. We tonen aan dat dynamische microtubuli. EB3 en 
p 140Cap essenticel zijn voor synaptische transmissie en het in stand houden van spine 
morfologie in hippocampale neuronen. Het uitschakelen van dynamische microtubuli, 
EB3 of p l40Cap in een neuron leidt tot onderontwikkelde spines, zogenaamde filipo­
dia. We stcllcn cen model voor waarin EB3 gebonden aan dynamische microtubuli kan 
bin den aan p 140Cap en daarmee de localisatie van p 140Cap beinvloedt. p 140Cap kan 
een interactie aan gaan met het actine bindend eiwit cortactin. Dit geeft een mogelijk 
mechanismc hoc microtubuli invloed hebben op actinc dynamick in spines en op deze 
manier spine morfologie en synaptische plasticiteit kunnen beinvloeden. 

In hoofdstuk 3 identificeren we hct eiwit GRASP- I als een neuron specifieke 
bindingspartner voor Rab4. GRASP-I is betrokken bij de coordinatie van het endo­
somale systeem in dendrieten. We Iaten zien dat GRASP-I essentieel is voor AMPA 
receptor recycling, spine morfologie en een funct ioneel endosomaal apparaat. GRASP­
I maakt een connectie tussen vroege en late recycling endosomcn door een verbinding 
tc vormen tussen Rab4 en het SNARE eiwit syntaxin 13. Op deze manier is GRASP-I 
in staat om Rab4 gelabelde endosomen afte splitsen van Rab5 gelabelde vroege en­
dosomcn en zc tc koppelen aan Rab II gelabelde late recycling endosomen. GRASP-I 
lijkt betrokken te zijn bij een nieuw mechanisme voor de regulatie van membraan 
receptor transport onder invloed van verschillende synaptische stimuli. 127 
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In hoofdstuk 4 wordt gekekcn naar de effectcn van het ontbreken van het 
ciwit FMRP op spine morfologie. In mensen leidt hct ontbreken van functioneel FMRP 
in neuronen tot het fragile X syndroom. een vee! voorkomende vorm van mentale re­
tardatie. We Iaten in een muizen model voor fragile X syndroom zien dat deze mutatie 
leidt tot een abnormale spine morfologie in Purkinje cellen in het cerebellum. verand­
eringen op celfysiologisch niveau en afwijkingen in het motorisch leergedrag in de eye­
blink conditionerings test. Bij patienten met het fragile X syndroom worden dezelfde 
afwijkingen gevonden in het motorisch leergedrag. FMRP is een voorbeeld van hoe een 
cnkel eiwit invloed hceft op de spine morfologie in neuronen en uiteindelijk zelfs op 
gedrag of motoriek. 

In hoofdstuk 5 bespreken we de resultaten van het onderzoek beschreven in 
dit procfschrift en worden mogelijke richtingen voor toekomstig onderzock bekcken 
om de mechanismen en processen betrokken bij spine morfologie en synaptische plas­
ticiteit verdcr te ontrafelen. 
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