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1. Summary

The molecular mechanisms involved in synaptic plasticity are thought to be the basis for the
understanding of learning and memory. However, the complexity of the molecular interactions
impedes a deep understanding of these mechanisms. Thus far, it has been well established
that a common trigger of the synaptic plasticity mechanism is an increase in postsynaptic
calcium concentration. Recently, the protein Copine-6 was found as a modulator of synaptic
plasticity due to its ability to respond to calcium influx and subsequently to sequester
components of the actin cytoskeleton to the postsynaptic membrane of excitatory synapses.
Therefore, Copine-6 seems to be a good candidate involved in hippocampal long-term
potentiation, learning and memory. Interestingly, Copine-6 has recently been related in
different neurological disorders like intellectual disabilities, depression and epilepsy (Anazi et
al., 2017; Han et al., 2018; Zhu et al., 2016).
In the last years, our group generated a mouse line in which a calcium-binding mutant
of Copine-6 was knocked-into the Cpne6 locus – called Cpne6D167N. Thereafter, we focused
on the biochemical characterization of this mouse. We showed that the calcium-dependent
enrichment of Copine-6 in membrane fractions of the mouse brain is abrogated in Cpne6D167N
mice in the presence of calcium. Importantly, the calcium mutant Copine-6D167N is expressed
at the same level as wild-type Copine-6. These data therefore shows that the exchange of
Asp to Asn at position 167 of Copine-6 does not affect Copine-6 expression but suppresses
its calcium-dependent binding to membranes.
Furthermore, we also demonstrated that calcium binding to Copine-6 is crucial for its
ability to act as a synaptic plasticity modulator. We found that expression of Copine-6D167N in
the CA1 region of the hippocampus affects the relative proportion of spine types in vivo, as
neurons of the hetero- and homozygous knock-in mice express a significantly higher proportion
of thin spines at expense of mature spines, a phenotype that was not observed in Cpne6
knock-out (KO) mice. Differences in spine morphology were also observed in primary
hippocampal neurons derived from homozygous Cpne6D167N mice, in which an increase in the
number of "immature", filopodia-like, thin protrusions and a decrease in mushroom-like
protrusions were found. These results suggest that either maturation of spines is delayed or
that spines cannot be strengthened following Cpne6D167N mutation. Accordingly, we assessed
synaptic strengthening of spines from wild-type, hetero- and homozygous Cpne6D167N neurons
by inducing chemical long-term potentiation (cLTP). We found that while wild-type neurons
responded with an increased number of mushroom spines and synapses after cLTP induction,
phenotypes that have been correlated with synaptic strengthening (Papa et al., 1995;
Hosokawa et al., 1995; Fortin et al., 2010) neurons from heterozygous and homozygous
Cpne6D167N mice could not respond to the changes related to the cLTP induction paradigm.
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This suggests that both mutant genotypes failed to undergo synaptic strengthening.
Interestingly, heterozygous Cpne6D167N neurons showed elevated numbers of filopodia-like
spines after cLTP induction, possibly as a compensatory mechanism to establish synaptic
connections. Finally, we also found in Cpne6D167N mice morphological simplifications of CA1
hippocampal pyramidal neurons when compared to wild-type. This result suggests that the
binding of calcium to Copine-6 may indirectly affect neuronal morphology as a consequence
of spine immaturity.
In conclusion, the calcium-binding site point mutation of Copine-6 seems to have a
more profound effect on spine structure plasticity than the complete absence of Copine-6. A
similar phenomenon was observed when the phenotypes of mice deficient for CaMKII were
compared with mice expressing a phosphorylation mutant of CaMKII (Giese, et al. 1998). Thus,
the calcium binding site of Copine-6 seems to be a key element for its ability to act as a calcium
sensor and as a further modulator of the synaptic plasticity mechanism. Finally, this work might
help to deepen the molecular understanding of synaptic plasticity mechanisms and may also
provide new avenues for the molecular understanding of related neurological disorders,
revealing possible therapeutic targets.
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2. Abbreviations

ADF actin depolymerizing factor
AMPA -amino-3-hydroxy-5-methyl-4-isoxazolepropionate
ARP 2/3 actin related protein 2/3
ASN Asparagine
ASD Autism spectrum disorder
ASP Aspartate
CREB-1 cAMP responsive element binding protein 1
CA 1 Cornu Ammonis field 1
Ca2+ Calcium
αCaMKII alpha calcium/calmodulin-dependent kinase II
CaMKII calcium/calmodulin-dependent kinase II
cAMP cyclic adenosine monophosphate
CNS central nervous system
Cpne6D167N Calcium insensitive mutant mice
DIV days in vitro
ERK extracellular signal-regulated kinases
KO Knock-out
KI Knock-in
F/G-actin filamentous/globular actin
FXS Fragile X Syndrome
GAPs GTPase- activating factors
GEFs Guanine nucleotide exchange factor
GFP green florescent protein
GluR glutamate receptor
GluA1/2 Glutamate A subunit
GTPase enzymes that bind and hydrolyze GTP
Ig Immunoglobulin superfamily
kDa kilo Dalton
LIMK LIM-domain-containing protein kinase
LTD/LTP long-term depression / long-term potentiation
MAPK mitogen-activated protein kinase
Mg 2+ Magnesium
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mGluR metabotropic glutamate receptor
NCAM Neural adhesion protein
NMDAR N-methyl-D-aspartic acid receptor
Pak1 p21-activated kinase
PKMζ, Protein Kinase zeta type
PDZ PSD-95/Discs large/zO-1
PLC Phospholipase C
PKA Protein kinase A
PKC Protein kinase C
PSD postsynaptic density
Rac1 Ras-related C3 botulinum toxin substrate 1
Rho A Ras homolog gene family, member A
RNA ribonucleic acid
SynGAP synaptic Ras GTPase activating protein
TARPS Transmembrane AMPAR regulatory protein
vFWA Von Willebrand factor type A
vGlut1 Vesicular glutamate transporter 1
Wt wild-type

β- PIX β-P21 activated Kinase interacting exchange factor
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3. Introduction

The ability to perceive our surrounding, generate responses, and integrate information
depends on the nervous system. The brain is considered the main hub for these interactions
and thanks to its ability to remain plastic we can generate or recall information. Consequently,
brain plasticity is thought to be essential for maintaining the learning and memory process. The
nervous system is known as a very complex structure consisting mainly of specialized cells
known as neurons and glia. Glia cells provide support to the neurons and their activity, whereas
neuronal cells are the basic function unit as they are essential for the communication in the
nervous system.

3.1

Synaptic structure
The primary sites of communication
between
Synapses
junctions,

neurons,
are

is

the

synapse.

specialized

dynamic

susceptible

to remodeling

according to the strength of the synaptic
input. At the synapse, the pre-synaptic
membrane of the signal passing neuron
comes into close vicinity to the postsynaptic membrane of the target neuron.
Both, pre- and post- synapses contain a
molecular machinery that connect the
Figure 1. Schematic view of an excitatory synapse
formed by an axon and dendritic spine. Key elements of
the synapses are indicated: Presynaptic vesicle, receptors,
and organelles (adapted from Südhof and Melenka, 2008).

two neuronal membranes and carry out
the signaling process (Figure 1).
Synapses can be divided into chemical

and electrical ones. Electrical synapses impulse transmission occurs via gap junctions
between neurons, which connect their cytoplasm by channels, causing voltage change in the
pre-synapses to induce changes in the post-synapse. Although a rapid and bidirectional signal
transfer characterizes this type of synapse, this synapse cannot amplified the signal they
transmit. In the case of the chemical synapses, the signal transmission consist on a sequence
of events that initiated when an action potential invades the terminal of the presynaptic neuron.
The arrival of the action potential cause a change in the membrane potential that will lead to
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the opening of voltage calcium channels causing a rapid calcium influx. Consequently, a rise
of the calcium concentration occurs that will allow synaptic vesicle- neurotransmitter contained
to fuse with the plasma membrane of the presynaptic neuron. The neurotransmitters release
occurs from pre-synaptic neuron through a small space, called synaptic cleft, to receptors on
post-synaptic neuron. Thereafter, the neurotransmitter induces an ion current flow and cause
that the conductance and membrane potential of the postsynaptic neuron change. Depending
on the properties of the postsynaptic receptor, the signal can act as excitatory or inhibitory by
increasing or decreasing the probability of generating an action potential in the postsynaptic
neuron. Finally, if the sum of all the signals cause the neuron membrane to be depolarized
above a specific threshold, an action potential will be fired and will lead to the postsynaptic
generation of an electrical signal (amplification). In this way, information is transmitted from
one neuron to another.
3.2

Synaptic transmission

The process that allows inter-neuronal communication at the synapse is known as synaptic
transmission, which is based on a sequence of events that are initiated when an action
potential invades the presynaptic terminal and is further converted into a chemical message.
As previously explained, in the chemical transmission the neurotransmitters diffuse across the
synaptic cleft and reach the postsynaptic membrane where they bind to specific receptors.
One of these postsynaptic receptors that respond to positive potentials and presynaptic
glutamate release is the N-methyl-D-aspartic acid receptor (NMDAR). Upon depolarization,
NMDAR will show maximal receptor permeability as it expels Mg2+ from the pore relieving it
from the block and allow sodium, potassium, and calcium to pass (Lüscher and Malenka,
2012). Elevation in intracellular calcium have been established as one of the trigger events at
the postsynaptic neuron (Mulkey and Malenka 1992) as increase in the calcium influx through
the NMDARs activates intracellular signaling cascades essential for inter-neuronal information
transmission (Bliss and Collingridge, 1993). Another important signaling mechanism that
occurs in the postsynaptic membrane is the increase in the number of amino-3-hydroxy-5methyl-4-isoxazolepropionate receptors (AMPAR).

AMPARs are one of the principal

transducers of excitatory transmission and are targets of multiple signaling pathways that
regulated the strength of glutamatergic synapses. Most AMPARs consist of tetramers of four
glutamate receptor subunits, GluR1-GluR4 (Hollmann and Heinemann 1994; Seeburg 1996;
Dingledine et al 1999). In the case of the adult hippocampus, two forms of AMPARs are known
to be predominant, Glur1/Glur2 heteromers and GluR2/GluR3 heteromers (Wenthold et al.,
1996). It is suggested that the functional properties of AMPARs and their trafficking depend on
their subunit composition (Collingridge et al., 2004; Malinow and Malenka, 2002). Based on
¦9

overexpression studies, the subunit-specific rules that determine the synaptic delivery of
AMPARs were unraveled. It was shown that the insertion of GluR1 containing AMPARs into
synapses is slow under basal conditions and is strongly stimulated by NMDAR activation,
whereas insertion of GluR2/3 heteromeric receptors may occur constitutively on a much more
rapid timescale (Hayashi et al., 2000; Shi et al., 2001). Overall, these events are thought to
activate both pre-and postsynaptic mechanisms that will finally generate a persistent increase
in synaptic strength.
3.3

Synapse development – Synaptogenesis

Appropriate synapse formation and its specificity is a complex mechanism, which is necessary
for normal cognitive functions as it is thought to provide the substrate for perception, learning,
and memory. For a synapse to form, first a contact must be made between the presynaptic
and the postsynaptic site. Synapses can form, for example, from contact between axon and
dendritic shaft where axonal and dendritic filopodia contact their targets in a random manner.
In the case of the hippocampus is it known that during the first few weeks of postnatal life
dendrites have numerous filopodia (Ziv and Smith, 1996; Fiala et al., 1998). Nevertheless,
most of the contacts they establish are transitory and can result in retraction of the filopodia.
However, there is evidence that a small subset of these filopodia becomes stabilized and a
nascent synapse will subsequently be form on those sites (Marrs et al., 2001).
At the molecular level, the initial formation of contacts between axons and dendrites
appears to be mediated by trans-synaptic adhesion molecules, which include cadherins,
integrins, Immunoglobulin superfamily (Ig), Neural cell adhesion molecule (NCAM), nectins,
neuroligins, SynCAMs, and ephrins (Akins and Biederer 2006: Scheiffele 2003). It is thought
that signals by these cell adhesion molecules will lead to stabilized filopodia. Filopodia
stabilization seems to be a predefined event controlled either by glutamate and/or other
molecule release that might attract filopodia (Lohmann et al., 2005) or by the localization of
presynaptic terminal scaffolding proteins (Gerrow et al., 2006). Interestingly, ex vivo studies in
hippocampal slices revealed a high density of highly motile filopodia-like structures in an early
developmental stage. Furthermore, at later developmental times, dendritic extension and
filopodia dynamics progressively decline, accompanied by a steady increase of stable spinelike structures (Dailey and Smith 1996; Ziv and Smith 1996). These observations support the
earlier suggestion that dendritic filopodia may actively participate in synapse formation during
synaptogenesis. The timing of synaptogenesis is usually measured by determining the time
course of stable accumulation of both pre- and postsynaptic core components of the
glutamatergic synapses (i.e. presynaptic vesicles, presynaptic active zone, postsynaptic
glutamate receptors and scaffolding proteins). Although the initial assembly of a synapse can
¦ 10

be quite rapid, the development of a mature synapse is generally prolonged as evidenced by
the delay in formation of its mature ultrastructure (Ahmari and Smith 2002) and decelerated
maturation in electrophysiological properties (Mohrmann et al. 2003). During the time course
of nascent synapses recruitment of core components occurs and afterwards, at later stages
of synaptic maturation a second wave of proteins are added to the synapses, which may serve
for its stabilization (e.g. AMPAR and scaffolding proteins) (Malenka 2003; Song and Huganir
2002).
One of the events related to the maturation of glutamatergic synapses in the CNS is
the change of their localization. Synapses are initially formed on dendritic filopodia or dendritic
shafts, but later these synapses are located on specialized small excitatory protrusion known
as dendritic spines. Dendritic spines are the primary recipient of excitatory inputs in the CNS,
thought as biochemical compartments that locally control the signaling mechanism at individual
synapses. A general description of dendritic spines includes a continuum of shapes from short,
stocky spines to long-necked spines tipped by a bulbous head (Lippman and Dunaevsky,
2005). Traditionally, and based on ultrastructural analysis of the adult cerebral cortex, spines
have been divided into different types as stubby, thin, mushroom-shaped (Bourne and Harris,
2008). As it is thought that filopodia-like synapses will transform into spine synapses (Fiala et
al., 1998; Ziv and Smith 1996) dendritic spines morphogenesis has been suggested as a
critical event in the maturation of glutamatergic synapses (Yuste and Bonhoeffer 2004). In
fact, synaptic maturation consists of synapses growing larger accompanied with a
considerable increase in the amount of pre-and postsynaptic proteins.
As spines mediate most of the excitatory connections in the CNS, they have been
considered as core elements in the neuronal circuitry. Neuronal circuits are established during
development and modified during learning. Consequently, dendrite dynamics, synaptogenesis,
and loss of superfluous synaptic connections (pruning) are key functions in the reorganization,
remodeling and fine-tuning of neuronal circuits and therefore of crucial importance for nervous
system function.

3.4

Mechanism involved in synaptic plasticity and learning and memory

Synaptic plasticity refers to a series of mechanisms that mediate the activity-dependent
strengthening or weakening of neuronal circuities at the level of the synapse (Citri and
Malenka, 2008). In the adult organism, use-dependent adjustment of synaptic efficacy is
thought to have a role in learning and memory, where NMDAR has been implicated in initiating
the relevant structural and functional changes at synapses that will result in refinement of
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synaptic connections. Consequently, learning and memory might result from changes in
relative strength or efficacy of existing synapses
The molecular mechanisms leading to synaptic plasticity that underlie learning and
memory are very complex and therefore not completely elucidated. In vitro and in vivo studies
have shown that the opening of NMDARs increases the calcium influx and consequently
activates calcium/calmodulin-dependent kinase II (CAMKII) (Silva et al., 1992; Giese et al.,
1998) which upon activation translocate into the postsynaptic compartment (Lee et al., 2009).
Moreover, CAMKII is involved in the stabilization of AMPARs via the phosphorylation of special
sites at their C-terminal part. Another downstream target of CAMKII is the cytoskeleton
molecule actin. Actin plays a key role in shaping dendritic spines and is critically important for
numerous processes that contribute to the plasticity of synaptic function (Matus, 2000; Hering
and Sheng, 2001; Luo, 2002; Hotulainen and Hoogenraad, 2010). Actin exists in two forms: Factin (filamentous polymer made of globular actin) and G-actin (globular actin monomers).
Actin filaments are polar structures that undergoes a continuous turnover which involves the
polymerization of G-actin at the barbed end of the filament and depolymerization of F-actin at
the opposite, pointed end, a process known as “actin treadmilling” (Star et al., 2002; Honkura
et al., 2008).
Members of the Rho family of small GTPase are well-known regulators of the actin
cytoskeleton that have profound influence on spine morphogenesis. Rho GTPases act as
intracellular molecular switches that cycle between an active GTP-bound form and an inactive
GDP-bound. Guanine nucleotide exchange factors (GEFs) facilitate the conversion from GDPbound to GTP-bound form and thus are activators, whereas GTPase activating proteins
(GAPs) enhance GTP hydrolysis and are thus negative regulators. GEFs and GAPs are known
to postsynaptically control Rho GTPases. Two members of the Rho family, transforming
protein RhoA and RAS-related C3 botulinum toxin substrate 1 (Rac1), are known to control
actin cytoskeleton rearrangement in a separate and opposing manner. While RhoA inhibits,
Rac1 promotes the growth and/or stability of dendritic spines. For example, Rac1 can be locally
activated in dendritic spines by the GEF βPIX (β-p21-activated kinase – PAK – interacting
factor). Calcium induced activation of CAMKII increases the GEF activity of PIX, which causes
a further activation of Rac1 (Saneyoshi et al., 2008; Park et al., 2003). Activated Rac1 triggers
the activation of p21-activated kinase 1 (PAK1), which in turn activates LIM domain kinase 1
(LIMK1). LIMK1 in turn inactivates ADF/Cofilin through phosphorylation and decreases the rate
of actin polymerization (Maekawa et al., 1999). Inhibition of ADF/Cofilin maintains actin fibers
and stabilizes synaptic structures. Cofilin phosphorylation and dephosphorylation will then
control pools of active Cofilin in the cell and thus actin filament dynamics (Meng et al., 2002;
Hayashi et al., 2004; Tashiro and Yuste, 2004) (Figure 2). Interestingly, Rac1 and RhoA
activation have been extensively characterized as causative factors in spine formation,
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enlargement, maturation and stabilization as well as in synaptic strengthening (Nakayama et
al., 2000; Saneyoshi et al., 2010; Woolfrey and Srivastava, 2016).
Although most of the experimental approaches mainly show how calcium and its
interaction with CAMKII activates downstream pathways that control hippocampal synapses,
other signaling pathways have also shown to be critical in certain form of plasticity and/or
others brain regions. One example is the synaptic plasticity dependent activation of G protein
coupled receptors in the cerebellum and striatum (Ito M., 2001; Calabresi et al., 1992).
Moreover, long lasting synthesis dependent forms of hippocampal plasticity cannot be
exclusively explained by CaMKII pathway but by protein kinases A (PKA) activation (Abel et
al., 1997; Roberson et al., 1999). Another novel protein known to have a role in the synaptic
mechanism is the RAS/RAP GTPase activating protein (SynGAP1). SynGAP1 binds to the
PDZ domain of PSD-95 and SAP 102. It is localized exclusively in excitatory synapses and is
a major constituent of the PSD. SynGAP is thought to be a central regulator of synaptic
signaling necessary for certain types of neuronal plasticity (Komiyama NH., et al., 2002;
Rumbaugh G., et al., 2006). Mutations within SynGAP1 are related to intellectual disabilities,
epilepsy and autism spectrum disorder (ASD) (Clement et al., 2012). In conclusion, it is likely
that the synaptic plasticity mechanisms require the work of different proteins that might interact
in “modules”, which will respond in accordance to the input and the neuronal plasticity type
(Figure 2).

Figure 2. Postsynaptic signaling proteins. Proteins involved in the synaptic plasticity mechanism.
Schematic representation of NMDAR and associated proteins that act accordingly to the input receive in
the postsynapse (left). Activation of receptors and channels during the learning and memory lead to
regulation of intracellular signaling that affect actin dynamics. Among these regulatory proteins are Rho,
Rac GTPase and their effectors and actin binding proteins such as cofilin (modified from Lamprechet R.,
2011; Sheng and Kim, 2002).

¦ 13

3.5

Cellular models of learning and memory

Long-term potentiation (LTP) and long-term depression (LTD) are a general class of cellular
synaptic phenomenon, which can be used to demonstrate the repertoire of long-lasting
modifications of individual synapses (Figure 3A). LTP is known as a repetitive activation of
excitatory synapses in the hippocampus that causes a potentiation of synaptic strength and
appears as a long lasting event.

The properties of LTP make it an attractive cellular

mechanism for rapid information storage as, similar to memory, LTP can be generated rapidly
and is strengthened and prolonged by repetition. Important properties of LTP are 1)
cooperativity, related to induced coincident activation, 2) associativity, i.e. the capacity to
potentiate a weak synaptic input when it is activated in association with a strong input and 3)
input specificity, i.e. LTP is elicited only at activated synapses (Nicoll et al., 1995).
Consequently, the LTP mechanism is thought to provide an important key for the
understanding of some of the cellular and molecular mechanism by which memories are
formed (Whitlock et al., 2006; Pastalkova et al., 2006) and thus LTP is considered as a model
for the molecular basis and behavioral correlates of synaptic plasticity.
The mechanism that underlie LTP start with a large NMDAR-dependent increase in
dendritic spine calcium concentration, which leads to activation of intracellular signaling
cascades involving a number of protein kinases, in which the most known is CAMKII (Lisman
et al 2012). This leads to an increase in the conductance of synaptic AMPARs and promotes
the incorporation of additional AMPARs into the PSD. Interestingly, AMPARs do not appear to
be inserted directly into the PSD, but rather are exocytose at perisynaptic sites. Thus, AMPARs
laterally diffuse in the plasma membrane and are trapped within the PSD due to their
interaction with “trap” proteins. The candidates that bear this trap activity are the membrane
associate guanylate kinase (MAGUKs) family of PSD and include PSD-95, SAP97, PSD-93,
and SAP102 (Kim and Sheng 2004; Montgomery et al., 2004). The new synaptic AMPARs are
stabilized thought their transmembrane AMPAR regulatory proteins (TARPs) which mediated
interaction with PDZ domain-containing proteins (Jackson and Nicoll, 2011). The insertion of
AMPARs and associated molecules into the PSD leads to the growth of the PSD area / spine
(Lisman and Harris, 1993) (Figure 3B). Moreover, synthesis of proteins like αCAMKII or
AMPAR subunits may also play a key role in structural modification during LTP. In vitro studies
have shown that LTP induction results in a local growth of synapses, synaptic strengthening,
and growth of new synapses (Matsuzaki et al., 2004; Yuste and Bonhoeffer, 2001). Similarly,
neuronal activity can lead to short or long term changes in morphology, appearance or
disappearance of dendritic spines. Therefore, these short and long-term changes in
morphology and number of spines -known as structural plasticity- have been implicated in
synaptic plasticity and are related to strengthening of existing connections between two cells.
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In addition, the presynaptic active zone activity also increases, causing stable synapse
enlargement. Finally, the maintenance of these changes for more than a few hours depends
on the de novo transcription as well as local dendritic protein synthesis, presumably to provide
the synapse with a supply of the critical proteins necessary for maintaining synaptic strength.
The second cellular model known as LTD is a process elicited by prolonged repetitive
low-frequency stimulation (Dudek and Bear, 1992; Mulkey and Malenka 1992). LTD is input
specific and, like LTP, depends upon NMDAR-dependent increase in postsynaptic calcium
(Mulkey and Malenka, 1992). The predominant hypothesis is that quantitative properties of the
postsynaptic calcium signal within dendritic spines dictates whether LTP or LTD is triggered,
with LTD requiring a mild increase of calcium, whereas LTP requires an increase beyond a
threshold value (Bliss and Cooke, 2012; Lüscher and Malenka 2012; Malenka and Bear, 2004;
Cummings et al., 1996; Malenka and Nicoll, 1993). The mechanism underlying NMDARdependent LTD starts with a small increase in postsynaptic calcium concentration within
dendritic spines due to a mild activation of NMDARs, which leads to preferential activation of
protein phosphatases. This causes a dissociation of AMPARs from their molecular scaffolds
in the PSD and their later movement into endocytic zones on the periphery of the PSD, where
they are endocytosed and potentially degraded. The mechanism involve in LTD maintenance
is not completely known. Nevertheless, there is evidence that LTD is accompanied by a
shrinkage in the size of dendritic spines (Nägerl et al., 2004; Zhou et al., 2004) and that this
may be due to the loss of AMPARs (Hsieh et al., 2006). As in the case of LTP, it is also thought
that protein translocation may be needed for the long-term stable expression of LTD (Pfeiffer
and Huber, 2006).
It is generally accepted that the activity-dependent trafficking of AMPARs into and out
of synapses during LTP and LTD, respectively, is the first critical step in the morphological
growth or shrinkage of synapses and that these structural modifications are the mechanism by
which bidirectional changes in synaptic strength are maintained. Indeed, the size of individual
synapses correlates closely with the number of AMPARs they contain (Mastsuzaki et al., 2001;
Takumi et al., 1999) (Figure 3B). Consequently, LTP and LTD appear to be essential in the
stabilization and elimination of synapses during developmental fine-tuning of neuronal circuits
in many areas of the brain.
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B

Figure 3. (A) LTP and LTD mechanism. Weak activity of the presynaptic neuron lead to a mild
depolarization and calcium influx through the NMDAR and will lead to the activation of
phosphatases that will dephosphorylate AMPARs, mechanism related with LTD. Strong activity
depolarization triggers LTP in part via CAMKII, AMPAR phosphorylation. (B) PSD size and
AMPAR content is directly proportional to the spine volume and the number of vesicle number
correlates with PSD size, Lüscher and Malenka, 2012).

3.6 Copine Family
Copines are members of a ubiquitous family described as cytosolic-soluble proteins that show
calcium-dependent phospholipid-binding properties. Copines share a common structure,
consisting of two N-terminal C2-domains responsible for calcium binding. On the other hand,
the C-terminal portion of copines show a distant relation to the “A domain” in the extracellular
portion of integrins (or von Willebrand factor A (vWA)-domain) (Lee et al., 1995), which is
known for binding extracellular matrix proteins. Furthermore, the C2 domain of copines have
conserved aspartates that could serve as calcium ion coordination residues, whereas the Adomain is thought as a site for protein-protein interaction by which copines bind and recruit
target proteins to the membrane surface (Tomsig and Creutz, 2002). Consequently, because
of their domain structure, it has been suggested that copines can target proteins to the plasma
membrane in response to a rise in intracellular calcium via the C2-domains acting as the
calcium sensors. Interestingly, identified targets of copines are proteins involved in intracellular
signal transduction pathways, which include 1) regulators of phosphorylation (MEK1, Protein
phosphatase 5, CDC42 binding kinase), 2) regulators of transcription (Myc-binding protein,
Sno proto-oncogene, BCL-6 corepressor), 3) calcium-binding proteins (ALG2), 4) regulators of
ubiquitination/NEDDylation (UBC12, E2-230), 5) cytoskeletal regulation (Radixin, BICD2dynamitin-binding protein) (Tomsig et al., 2003). These arrays of potential targets suggest that
copines may be generally involved in providing calcium regulation of intracellular signaling
pathways. Therefore, by binding to membranes and target proteins, copines may be able to
specifically localize signaling pathway components to certain membranes in cells and
¦ 16

consequently enhance the assembly of complexes involved in signaling across the plasma
membrane.
Furthermore, to exert its translocation-binding mechanisms, copines should show
calcium-dependent membrane binding. Indeed, in vitro studies using phospholipid vesicles
have found that some C2-domains of copines show phospholipid binding that is calcium
dependent (Tomsig and Creutz, 2000; Damer et al., 2005). Moreover, some copines showed
that replacement of the Asp to Asn in the C2B domain is sufficient to abolish calcium response.
Therefore, the C2B domain has been identified as a critical component for the membrane
association of copines (Perestenko et. al., 2015). Besides, the highly divergent C-terminus
probably confers unique characteristics to each family member.

Interestingly, these C2

domains are also found in other calcium-sensing proteins like synaptotagmin, protein kinase
C (PKC), phospholipase C (PLC) and rabphilin (Perestenko et al., 2010), supporting the role
of Copines as calcium sensor proteins.
Homologous copine proteins are expressed in most plants, animals and protists. First
described in Paramecium tetraurelia (Creutz et al., 1998; Tomsig and Creutz 2002) and
subsequently in Caenorhabditis elegans, Arabidopsis, Dictyostelium and Homo Sapiens. The
expression of copines has been found in mammalian tissues, including brain, heart, lung, liver
and kidney. Screening of human tissues for human Copines 1-6 has shown that Copines 1,2
and 3 are ubiquitously expressed, whereas Copine-4 has a more restricted distribution in the
brain, heart and prostate gland, and Copine-6 is brain specific (Tomsig and Creutz 2002).
Nevertheless, the precise role of copines in cells remains unclear, although there is evidence
that they may be involved in the regulation of plasma membrane protein or lipid content.
A key molecule from this highly conserved protein family is Copine-6, which is
characterized by two C2 domains that bind phospholipids in a calcium-dependent manner and
an A domain at the carboxyl terminus. Interestingly, Copine-6 expression is restricted to the
brain, specifically to hippocampus and olfactory bulb. It has also been shown that Copine-6 is
located in postsynaptic elements like dendrites and cell bodies (Nakayama et al., 1999;
Reinhard et al., 2016; Burk et al. 2018). Furthermore, it has been shown that the levels of
Copine-6 increase after the induction of kindling or long-term potentiation in the rat
hippocampus (Nakayama et al. 1998); therefore suggesting that Copine-6 may be involved in
synaptic potentiation. In fact, previous investigations by our group have found that Cpne6
transcript and Copine-6 protein are expressed in the postnatal brain with peak expression in
the hippocampus at time points of synapse formation. In addition, Copine-6 has been shown
as a novel calcium sensor, which translates calcium signaling into changes in spine structure
(Reihard et al., 2016; Burk et al., 2018). Moreover, lack of Copine-6 prevents synapses to be
strengthened and Copine-6 KO mice fail to undergo hippocampal LTP, hippocampus
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dependent learning, and show memory impairment (Reinhard et al., 2016). In conclusion,
these investigations reinforce the importance of Copine-6 in synaptic plasticity.
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4

Aim of the Thesis

Synaptic plasticity is a complex mechanism that is not completely understood, however it is
well known that calcium acts as an important trigger for this mechanism. An interesting
candidate that seems to have a role in the synaptic plasticity is known as Copine-6.
Interestingly, Copine-6 is expressed exclusively in the brain and possesses the ability to bind
to phospholipids in a calcium-dependent manner. Therefore, we aim to investigate the role of
the calcium binding of Copine-6 in regulating structural plasticity and synapse function in an in
vivo model. For this end, a knock-in mouse model was generated based on the previous
finding that mutation of aspartate at position 167 to asparagine renders Copine-6 (called
Copine-6D167N) insensitive to calcium and thus is incapable of translocating to the postsynaptic
spines upon calcium influx in hippocampal neurons. Utilizing a series of in vitro and in vivo
experiments, including cultured primary hippocampal neurons, brain sections and live imaging
methods we want to analyze the Copine-6D167N phenotype and establish the in vivo importance
of the calcium binding to Copine-6 in the synaptic plasticity mechanism.
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5.

Results

5.1 Manuscript 1: “Mutation in the second C2 domain of Copine-6 cause changes in dendritic
spines structural plasticity and strengthening and affects neuronal morphology”
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ABSTRACT

The process of learning and memory correlates with changes of synapse structure and function
in response to specific patterns of neuronal activity. The initial trigger of the synaptic changes
at excitatory synapses is a transient increase of calcium in the postsynaptic spine. Copine-6 is
a calcium-sensitive, phospholipid-binding protein that translocates to the membrane in
postsynaptic spines upon calcium influx and is required for hippocampal long-term
potentiation, learning and memory in mice. Moreover, Copine-6 is also required for spine
structural plasticity. Here, we mutated the calcium-binding site in Copine-6 and generated
knock-in mouse mutants. Hippocampal neurons of homozygous and heterozygous Copine-6
mutant mice show changes in spine structure and dendritic maintenance in culture and in vivo.
Time-lapse imaging shows that cultured hippocampal neurons from the calcium-insensitive
mutant mice are more motile and are non-responsive to stimuli triggering spine structural
plasticity. These results are strong evidence that calcium-binding of Copine-6 is important for
its function. The finding that spine structures are changed in the hippocampus of the mice
expressing the calcium mutant but not in those deficient for Copine-6 suggests a dominantnegative role of the calcium mutant.
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INTRODUCTION

Learning and memory are based on experience-dependent adjustments of neural circuits.
There is strong evidence that the initial triggering events of learning and memory affect
synaptic function. For example, long-term potentiation (LTP) and long-term depression (LTD)
are both responses of synapses to particular patterns of neural activity and have both been
shown to reflect the changes that occur at the synaptic level during learning and memory. One
of the primary triggers for synaptic changes related to learning and memory is the transient
increase of calcium in the postsynaptic spine through N-methyl-D-aspartate receptor (NMDAR)
followed by activation of Calcium/calmodulin-dependent protein Kinase II (CAMKII) and
enhanced α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) subunit
insertion. CAMKII is considered a major decoder of Ca2+ spikes and a key enzyme in activitydependent synaptic plasticity, enabling learning and memory processes (Schulman and
Greengard, 1978; Malinow et al, 1989; Silva et al., 1992; Lisman et. al, 2002, Lisman et al.,
2012). However, it was shown that pharmacological inhibition of CAMKII is not sufficient to
abolish the spine volume increase after long-term glutamate uncaging (Lee et al., 2009).
Furthermore, research from Buard et al. (2010), found in an in vivo model that neither
stimulated nor autonomous CAMKII activity is required for LTP maintenance or memory
storage (Buard et al., 2010). Indeed, many additional molecules have been implicated in the
strengthening of synapses. These include Syngap1, extracellular signal regulated kinase
ERK/mitogen-activated protein kinase (MAPK), Src Kinase, protein kinase C (PKC) and PKC
isozyme (PKMζ) (Sweatt, 2004; Thomas and Huganir, 2004; Kalia et al., 2004; Hrabetova and
Sacktor 1996; Ling et al, 2002; Pastalkova et al, 2006; Serrano et al, 2005; Rumbaugh et al.
2006). It is therefore likely that many different molecules can act as “modules” that can be
mixed, interconnected, and turned on and off to fine-tune the functional plasticity activity they
underlie. Therefore, core components (i.e. NMDAR-Calmodulin-CAMKII) of the calciumsensing pathway are likely linked to dozens of additional, more specialized molecular
participants that fine-tune module operation in a cell-type or synapse-specific manner.
Besides, information in the brain can be stored as structural alterations and / or by synapse
elimination and formation (Yuste & Bonhoeffer, 2001). As such, in the adult brain, circuit
changes are thought to be mediated by both structural and functional plasticity. These changes
seem to be regulated by multiple plasticity mechanisms targeting multiple sites of the synaptic
biochemical cascades within a larger functionally interconnected neuronal circuit.
Interestingly, in vivo approaches (e.g. controlled lesions, pharmacological inactivation
or molecular knockouts) that specifically target the hippocampus result in either learning failure
or spatial memory loss (Neves, 2008). It is thought that inappropriate loss of synaptic stability
may lead to the disruption of neuronal circuits and to brain diseases. Indeed, in different
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neurological diseases and pathologies that have a dysfunction in neuronal communication as
a hallmark (e.g. mental retardation, schizophrenia, Parkinson’s disease, autism, Alzheimer
disease), loss of synaptic stability, abnormal density and morphology of dendritic spines, and
aberrant synaptic signaling and plasticity occur frequently (Pfeiffer BE et. al., 2009; Stephan
KE et. al., 2006; Calabresi P. et. al. 2006; Sudhof TC and Malenka R. 2008; Selkoe DJ, 2009).
Recent data strongly suggest that the novel calcium sensor, Copine-6, plays a
fundamental role in synaptic plasticity. Proteomic, mass spectrometry and single cell analyses
all demonstrate that Copine-6 is enriched at the postsynaptic level (Susuki et al., 2011; Zeisel
et al., 2015; Heo et al., 2018). Copine-6 is a member of a highly conserved protein family
composed of two C2 domains that bind phospholipids in a calcium-dependent manner and an
A domain at the carboxyl terminus. Importantly, Copine-6 expression is restricted to the brain
and, in hippocampal neurons, it is upregulated by experimental manipulations like brief seizure
or chemical long-term potentiation (cLTP). We have previously demonstrated that Cpne6
transcript and Copine-6 protein are expressed in the postnatal mouse brain, reaching peak
expression in the hippocampus during synapse formation between postnatal day 7 and 28
(Reinhard et al., 2016). In this study, we also uncovered a novel calcium-sensing role of
Copine-6, facilitating the translation of calcium signaling into changes in spine structure. Lack
of Copine-6 prevented strengthening of synapses and Copine-6-depleted mice showed
impaired hippocampal LTP and hippocampal-dependent learning and memory (Reinhard et
al., 2016). Furthermore, mutation of aspartate167 to asparagine prevents the translocation of
Copine-6 the postsynaptic spines upon calcium influx when overexpressed in hippocampal
neurons (Reinhard et al., 2016).
Based on these observations, we now aimed at understanding the significance of the
calcium binding of Copine-6 for its function at synapses. To this end, we generated knock-in
mice that express the Copine-6D167N mutant. We now report that unlike wild-type Copine-6,
Copine-6D167N remains in the cytosol and is not enriched at postsynaptic membranes in the
presence of calcium in vivo. Importantly, while the overall spine density in hippocampal
pyramidal neurons of 6-week-old Copine-6D167N mutant mice is not changed, the relative
proportion between immature and mature spines is altered. Consistent with this finding,
cultured hippocampal neurons expressing Copine-6D167N have more immature and less mature
protrusions than neurons lacking Copine-6. Cultured hippocampal neurons expressing Copine6D167N fail to undergo synaptic strengthening and display less active synapses after cLTP
induction. Finally, Copine-6D167N neurons show reduced dendritic complexity in vivo and
reduced spine volumes in vitro. In conclusion, these findings strongly suggest that Copine-6
calcium binding is essential for its function as a modulator of structural plasticity and synaptic
function.
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MATERIAL AND METHODS

Mice
Cpne6D167N mice were generated by homologous recombination in embryonic stem cells (75%
C57BL/6, 25% 129 Sv) as illustrated in Supplementary Figure S1. The targeting vector
contained the genomic Cpne6 sequence from 5kb upstream of exon 1 until exon 9 with
following modifications. A loxP flanked PGK-neo cassette was introduced in the intron between
exon 3 and 4. To cause an aspartate (D) to asparagine (N) substitution at amino acid position
167 of Copine-6 the corresponding GAT triplet was exchanged to a AAT. To avoid mis-splicing
exon 5 and exon 6 were fused. Additionally, the targeting vector contained a MC1-HSV-TK
cassette (for negative selection). Targeted embryonic stem cells were injected into C57BL/6
blastocysts to obtain chimeric mice. Founder mice were intercrossed with Hprt-cre (Credeleter) mice to remove the loxP-flanked neo cassette. Presence of the mutation in the founder
mice was confirmed by sequencing. Regular genotyping was performed by identification of the
removed intron by PCR with the following primers in exon 5 and exon 6: Cpne6D167N fw: 5’CAG ATT GTG GCT GAG G-3’ and Cpne6D167N rv: 5’-TCA CTC TGG TCT CCA TTG GT3’. All animal experiments were performed in accordance with the Swiss regulations for animal
experimentations and were approved by the veterinary commission of the canton Basel-Stadt.
DNA constructs
The cDNAs encoding GFP and β-actin were cloned from reverse transcribed mRNA isolated
from rat brain with following primers: GFP or including STOP codon: as BamHI 5’-CGC GGA
TCC

TCA

TGG

GCT

GGG

GCT

GGG-3’.

β-actin:

ss

EcoRI

5’-

CCGGAATTCTTCGCCATGGATGAC-3’ and as BamHI 5’-CGC GGA TCC GAA GCA TTT
GCG GTG CAC-3’. For expression in cultured hippocampal neurons, cDNAs were subcloned
into pMH4-SYN-1 (gift from T. G. Oertner, Friedrich Miescher Institute for Biomedical
Research, Basel, Switzerland). tdRFP fusion constructs were generated by replacing EGFP
with tdRFP sequence as previously described (Reinhard et al., 2016).
Antibodies
For immunostaings and Western blot analysis, the following antibodies were used: Copine-6
(clone 42, Santa Cruz Cat. sc-136357); GAPDH (Cell Signaling 14C10 Cat. 2118); GluR1
(Calbiochem Cat. PC246-100UG); Na+/K+-ATPase (GeneTex Cat. GTX22872); MAP2 (Abcam
Ab5392); vGLUT1 (Synaptic system Cat. 135 304), β-actin (Cell Signaling, Cat. 4970).
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Quantitative real-time PCR
Quantitative real-time PCR was performed on cDNA samples made from RNA collected from
hippocampal tissue of 6-week-old mice using SYBR Green Master Mix (Applied Biosystems)
on an StepOne Real time PCR detection system (Applied Biosystems). The following primers
were used Copine-6s: (5’-CCC CAA GTA CCG AGA CAA GAA GA-3’); Copine-6as: (5’-GGA
GGC TGT GAA GTC GAT AGC-3’); PgK1s: (5’- CTC CGC TTT CAT GTA GAG GAA G – 3’):
PgK1as: (5’ – GAC ATC TCC TAG TTT GGA CAG TG- 3’).
Tissue preparation from mouse brains
Hippocampi were dissected on ice and homogenized in lysis buffer (50 mM Tris pH 7.5, 5 mM
EDTA, 150 mM NaCl, 1% NP-40, 0.5% sodium deoxycholate, including proteases and
phosphatase inhibitors) by glass/Teflon homogenizer. Insoluble material was removed by
centrifugation (16,000 x g, 15 min, 4°C). For Western blot analysis, the protein concentration
was determined by BCA assay (Pierce) and samples were boiled in SDS-PAGE loading buffer
5 min at 95°C. Equal amounts of total protein were loaded on SDS-PAGE.
Primary hippocampal cultures
Medium high density cultures (~50,000 cells per cm2) using the procedures described by
Reinhard et al, 2016 with some modifications were used for expression studies. In brief,
hippocampal cultures were established from 16.5-day-old fetal murine hippocampi. High
density hippocampal primary neuronal cultures were prepared as follows. The hippocampi
were dissected from embryonic day E16.5 mice embryos. After dissection in HBSS,
hippocampi were washed in ice-cold HBSS. For dissociation, hippocampi were incubated for
12 min in trypsin at 37°C followed by suspension in plating medium (MEM with GlutaMAX, 20%
glucose, fetal calf serum and pen/strep). Neurons were plated at a density of 50,000 cells per
cm2 on poly-L-lysine μ-Slide 8 well (Cat.No. 80826 IBIDI GMBH). Three hours after plating,
medium was exchanged by culture medium (Neurobasal medium, 0.5 mM glutamine, B27
supplement and pen/step). Hippocampal cultures were transfected at DIV7 or DIV14 with
Lipofectamine 2000 (Invitrogen) following the manufacturer's instructions. Chemical LTP was
induced as described previously (Fortin et al 2004), afterwards cultures were fixed with 4%
paraformaldehyde (PFA) in PBS including 120 mM sucrose.
Histochemistry and imunohistochemistry
Mice were transcardially perfused with 4% PFA/PBS and dissected tissue was postfixed
overnight in 4% PFA/PBS and dehydrated in 30 % sucrose. Brains were embedded in O.C.T.
and cut in 10 μm-thick sections in the cryostat. Sections were stained with cresyl-violet. Slices
were mounted on glass slides and imaged with Olympus microscope. Immunocytochemistry
for GluA1 was performed as described previously (Fortin et al 2004), Ibidi well (Cat.No. 80826
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IBIDI GMBH) were mounted with ibidi mounting medium and imaged with Leica SPE confocal
microscope.
Analysis of spine density and morphology in CA1 neurons
To analyze the spine density, mice were intercrossed with mice of the mouse line Thy1-mGFP,
expressing a membrane-targeted GFP in a subset of CA1 neurons (line 15) De Paola, 2003. .
6-week-old male littermate pairs were transcardially perfused with 4% PFA/PBS, brains were
post-fixed overnight in 4% PFA/PBS. Free-floating brain sections were cut in 50 μm on a
vibratome Sections were mounted on glass slides and imaged with confocal microscopy (Zeiss
LSM700 upright). The entire imaging and analysis procedure was done blinded to genotype.
In brief, low-resolution images of CA1 neurons with 1 μm intervals along z-axis were taken. On
these stacks, healthy-looking, secondary apical dendritic stretches, which were clearly
traceable to the soma, were selected and imaged with high resolution (0.08 μm z-axis intervals,
1,024 x 1,024 pixels, 2.5 x digital zoom). After deconvolution (Huygens Deconvolution
software), images were analyzed with NeuronStudio software, a software designed for spine
detection and analysis (Wearne et al., 2005; Rodriguez et al. 2008). Automated detection of
dendrites and spines were performed and manually adjusted. For classification of spines,
default NeuronStudio classification scheme was used. The morphology of neurons (dendritic
ramification and Sholl analysis) was analyzed with the filament Tracing module of Imaris
software (Bitplane).
Live imaging and image analysis
Microscope pictures were generated with a FEI MORE System microscope and Live imagine
acquisition 2.5 software. Cultured neurons were transferred into a life imaging chamber at
37°C, 95% O2, and 5% CO2. Cells were kept for 210 min under the same conditions and images
were recorded every 2.5 minutes. For quantitative spine volume analysis of wild-type and
Copine-6D167N spines, each frame of a series of pictures (100x, 0.120 μm z-axis intervals) was
analyzed using the surface Rendering Volume module of Imaris software (Bitplan). The region
of interest was outlined base on the soma and its primary dendrite. Free rotation to a horizontal
axis was done in order to get the volume of the spines without any artifact. All quantitative
analyses were performed in blind fashion to genotype and treatment.
Dendritic spines density and synapses analysis of hippocampal cultured neurons
Fiji software was used for the analysis of spine density and synapse analysis. Maximal intensity
projection images were opened with Fiji to analyze density of the different spine morphology.
Different spines morphologies were identified as thin, mushroom or filopodia structures.
Afterwards, spine density was determined for each subtype in dendritic stretch of 70 μm length.
For the analysis of the synapses, different puncta were identified as vGlut1 (presynaptic),
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GluA1 (postsynaptic AMPA subunit) and juxtaposition between vGlut1 and GluA1 (synapses)
in a 60 μm dendritic length. The total number of puncta (100%) is the sum of vGlut1 puncta,
GluA1 puncta and puncta with an overlap of vGlut1 and GluA1. Analysis was done blinded for
the genotype.
Spine head volume analysis
Imaris software was used for the analysis of the spine head volume. After modeling the
dendritic spine using the software, volume surface analysis was done automatically. Excel files
with the volume data were obtain directly from the software. For the analysis of the delta
volume changes, analysis was done as is described by Yasumatsu et al, 2008. In brief, the
percentage of spine volume change (Δ spine volume/2.5 min) was calculated from the different
frames as (V1 - V0)/ V0) x 100. V0 represents the starting volume and V1 is the volume after 2.5
minutes. The values from the previous formula were binned and quantified as number of
events, which represents the number of times that the spine volume change fall within the bin.
With this formula, spines that shrink generate values < 0, whereas those that grow result in
values > 0. A total of 68 frames (time 0 to 170 min)
Statistical Analysis
All data are presented as the mean ± standard error of the mean (SEM), and are compared
using paired Student’s t test, Sidak-Boferroni Post hoc or Wilcoxon matched pairs t test using
Prism software (GraphPad Software, San Diego, CA, USA). Statistical significance was set at
*p <0.05, **p<0.01, ***p<0.001.
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RESULTS

Mutation of Asp167 to Asn in Copine-6 does not affect protein expression but prevents
calcium-mediated binding to phospholipids
Mutation of aspartate at position 167 to asparagine in Copine-6 (Copine-6D167N) prevents the
calcium-mediated binding to cell membranes and the mutated protein, when overexpressed in
hippocampal neurons, does not translocate to postsynaptic membranes upon NMDA receptormediated calcium influx (Reinhard et al., 2016). As these data suggested that calcium binding
might be important for the function of Copine-6, we generated a knock-in mouse that bears the
same point mutation (Supplementary Figure S1). These mice, referred to as Cpne6D167N
mice, did not show any overt phenotype (Figure 1A, B). Since Copine-6 is predominately
expressed in the hippocampus, we also examined the overall hippocampal structure of wildtype (Wt) and Cpne6D167N mice. The gross structure and layering of the adult brain and
hippocampus was similar in both genotypes as determined by histological examination of
Nissl-stained, coronal brain sections (Figure 1C). RT-qPCR and Western blot analysis on wildtype, hetero- and homozygous knock-in mice assured that any possible phenotype in the
mutant mice was not based on changes in gene or protein expression (Figure 1D).
As Copine-6 translocates to membranes in a calcium-dependent manner (Nakayama
et al 2001, Reinhard et al 2016), we examined whether mutation of the calcium binding site
would also abolish membrane binding in vivo. Hippocampal tissue from wild-type, hetero- and
homozygous Cpne6D167N mice were lysed with a hypotonic buffer and then submitted to
differential centrifugation to isolate a cytosolic (S2) and a membrane (P2) fraction (Figure 2A).
As previously shown (Reinhard et al., 2016), a substantial amount of Copine-6 in wild-type
mice co-fractionated with the membrane fraction in the presence of 2 mM calcium, while the
majority of Copine-6 appeared in the cytosolic fraction in the presence of 2 mM EDTA (Figure
2B). In contrast, Copine-6 immunoreactivity was mainly associated with the cytosolic fraction
in Cpne6D167N mice, irrespective of the presence or absence of calcium (Figure 2B).
Quantification of the relative amount of Copine-6 in the cytosolic and the membrane fraction
confirmed this (Figure 2C). As expected, the amount of Copine-6 detected in the membrane
fraction in the presence of calcium, was also lower in the heterozygous Cpne6D167N mice
(+/Cpne6D167N) than in wild-type mice (Supplementary Figure 2A, B). These experiments are
in line with previous in vitro data (Reinhard et al. 2016) and they show that mutation of one
single amino acid in the second C2 domain of Copine-6 mutant is sufficient to abolish calciumdependent phospholipid binding in vivo.
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Abrogated calcium binding of Copine-6 alters spine morphology in favor of thin spines
and filopodia
As Copine-6 is involved in spine structural plasticity (Reinhard et al., 2016), we next wanted to
know whether abrogation of the calcium-binding site in Copine-6 would affect spine structure.
In a first step, we analyzed dendritic spine morphology of primary hippocampal neurons from
wild-type and Cpne6D167N mice. Dendritic spine morphologies were classified as filopodia, thin
or mushroom structures by co-transfecting neurons with expression constructs coding for βactin-tdRFP (spine marker) and GFP (volume marker) (Figure 3A). Dendritic spines showing
co-localization of both markers (yellow in Figure 3A) were analyzed at day 14 (day in vitro;
DIV) and DIV 21. The morphology of the spines was classified as filopodia-like, thin or
mushroom-like as described (Peter and Kaiserman-Abramof 1970; Harris et al., 1992; Fiala et
al., 1998; Hering & Sheng 2001) and the number of each class of spines was determined in a
segment of 70 µm. At DIV 14, wild-type and Cpne6D167N expressing neurons did not show a
difference in the density of filopodia and thin spines but in the mushroom-like spines (Figure
3B; Supplementary figure S3B). At DIV 21, the density of mushroom-like spines increased
strongly in wild-type neurons compared to DIV 14, making this spine-type the most frequent
one. In contrast, maturation of spines was largely delayed in Cpne6D167N neurons as there were
still many filopodia- and thin-like spines at DIV 21 (Figure 3B; Supplementary figure S3B).
Abrogation of calcium-binding in Copine-6 affects spine motility
Several lines of evidence show that motility differs between spines. Such intrinsic fluctuations
might reflect a lack of structural stability, higher motility and immaturity (Dunaevsky et al., 1999;
Bonhoeffer and Yuste, 2002; Yasumatsu et al., 2008; Bhatt et al., 2009). For example, in vivo
and in vitro studies have shown that motility decreases after synaptogenesis and, conversely,
spines are more motile when the input is either immature or lacking (Fischer et al., 1998;
Lendvai et al., 2000; Mayewska and Sur, 2003). To understand whether abrogation of Copine6 calcium binding correlates with immaturity of the spines, we studied next the motility of
dendritic spines in wild-type and Cpne6D167N hippocampal neurons. Utilizing live-cell imaging
techniques, we tracked the spatiotemporal dynamics of dendritic spine volume changes as an
indicator of motility. Time-lapse imaging experiments were performed on DIV 14 neurons
transfected to express GFP (as a volume marker) and β-actin-tdRFP (as marker for dendritic
spines). Confocal images were collected at an interval of 2.5 min for 170 min. Subsequent
analysis was restricted to spines that persisted for the entire time of recording and that
appeared healthy (e.g. no blebbing). Moreover, only spines that showed a clear enrichment of
β-actin-tdRFP were included in the analysis thus excluding any filopodia-like spines.
Interestingly, we observed that dendritic spines predominantly exhibited amorphous changes
in shape, known as morphing (Dunaevsky et al., 1999; Fischer et al., 1998), and also they
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formed thin processes from the spine head (Figure 4A). Statistical analysis revealed that the
mean spine head volume was significantly bigger in neurons from wild-type than from
Cpne6D167N mice (Figure 4B).

Motility of individual dendritic spines was calculated by

measuring the spine volume at time zero (V0) and 2.5 minutes later (V1), which represents the
next recording. The percentage of volume change (Δ spine volume/2.5 min) was then
calculated as (V1 - V0)/ V0) x 100. With this formula, spines that shrink generate values < 0,
whereas those that grow result in values > 0. To compare the Δ spine volume/2.5 min between
wild-type and Cpne6D167N neurons, we binned the values and generated a frequency plot
(Figure 4C). The majority of spines of the wild-type neurons did not show big changes in Δ
spine volume/2.5 min (> 70% are found in the -20 to +20 class). There were significantly fewer
spines in the Cpne6D167N neurons that were stable in expense to an increased number of spines
with higher motility (Figure 4C). These data clearly show that spines of hippocampal neurons
isolated from Cpne6D167N mice are more motile than those from wild-type mice. These results
are consistent with the result that Cpne6D167N neurons have more immature spines than wildtype neurons.
Primary hippocampal neurons from Cpne6D167N do not undergo structural changes after
cLTP
We next sought to determine whether Copine-6 calcium binding also affects synapse
strengthening. Accordingly, we induced NMDAR-dependent structural spine plasticity in
primary hippocampal cultures using a cLTP protocol that specifically stimulates NMDARs at
synapses and has been shown to cause NMDAR-dependent increase in spine size (Fortin et
al. 2010), similar to the changes triggered by LTP-inducing high frequency stimulations
(Desmond & Levy 1990; Matsuzaki et al. 2004; Calverly & Jones 1990; Wallace et al 1991).
To quantify changes in spine morphology after cLTP induction, hippocampal neurons from
wild-type and Cpne6D167N mice were transfected with β-actin-tdRFP and GFP at DIV 14.
Induction of cLTP was subsequently performed at DIV 21. Individual, transfected neurons were
imaged and dendritic spine morphology was analyzed (Figure 5A). Quantification showed that
cLTP induced a significant increase in the density of mushroom-shaped spines in Wt
hippocampal neurons (Figure 5A, right); an effect that has been shown to be associated with
mature spines (Papa et al., 1995; Hosokawa et al., 1995; Fortin et al., 2010). Conversely, cLTP
induction failed to increase mushroom-like spine density in hippocampal neurons from
Cpne6D167N mice (Figure 5A, right).
Spine morphology is intimately linked with synapse function as larger spines possess
bigger PSD (post synaptic density) and hence higher amounts of plasticity-related molecules
(Desmond & Levy 1986; Harris & Stevens 1989; Matsuzaki et al 2001). The structural changes
along with a failure to maintain mature dendritic spines in Cpne6D167N mice suggested that
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synaptic function may also be affected. Therefore, we examined the increase in surface GluA1
(AMPA receptor subunit) in juxtaposition with the vesicular glutamate transporter 1 (vGLUT1;
excitatory presynaptic protein) in Wt and Cpne6D167N hippocampal cultures after cLTP induction
(Figure 5B). GluA1 is known to translocate into spines after synaptic plasticity induction and
its synaptic incorporation is necessary for the stable increase in spine size and synaptic
strength in paradigms of NMDAR-dependent plasticity (Kopec et. al., 2007). Surface GluA1
content was assessed under non-permeabilizing conditions by immunofluorescence
microscopy using an antibody directed against the N-terminal, extracellular proportion of the
receptor (Fortin et al, 2010). Induction of cLTP resulted in an increase in the number of
excitatory synapses, defined by the juxtaposition of vGLUT1 and surface GluA1, in wild-type
but not in Cpne6D167N neurons (Figure 5B, right). In fact, in neurons derived from Cpne6D167N
mice, the number of excitatory synapses slightly decreased after cLTP induction compared to
ACSF condition. Together, these data reveal an association between synapse number and
spine expansion, determined by the increase in mushroom-like spine number. This suggests
that Copine-6 calcium binding is important for the maintenance of strong synapses and
consequently the stability of mature spines.
Filopodia-like protrusions are increased in primary hippocampal neurons from
heterozygous Cpne6D167N mice after cLTP
Using the same approach as described above, we also tested whether synapse strengthening
was affected in heterozygous Cpne6D167N neurons (+/Cpne6D167N) (Supplementary Figure
S4A). We found that the number of mushroom spines was not increased, whereas the number
of filopodia-like structures was significantly increased in +/Cpne6D167N after cLTP induction
compared to wild-type neurons (Supplementary Figure S4A, right). It has been established
that filopodia like protrusions are important during spine development as they help to find
possible connections to further mature and stabilize. To address whether there is a correlation
between the number of synapses and the increased number of filopodia-like protrusions after
cLTP induction we next analyzed the juxtaposition of the presynaptic marker vGLUT1 and the
GluA1, AMPA subunit (Supplementary Figure S4B). Our result showed that the number of
synapses was significantly lower in +/Cpne6D167N compared to wild-type neurons at both
treatment conditions (cLTP and ACSF). Second, the cLTP-triggered increase in the number of
synapses that could be detected in wild-type mice was completely blocked in +/Cpne6D167N
neurons (Supplementary Figure S4B, right), indicating that although there is half of the
Copine-6 wild-type the half Cpne6D167N mutation already cause a change in the synaptic
activity.
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Pyramidal neurons in Cpne6D167N mice show aberrant dendritic spine structure and
stunted growth
To assess whether the changes observed in vitro also translate into changes in spine structure
in vivo, we crossed Cpne6D167N mice with a Thy-mGFP line (De Paola et al,, 2003) in which
GFP is expressed in a subset of pyramidal neurons in the CA1 area of the hippocampus
(Figure 6A). Secondary apical dendrites were imaged at high magnification and the density
and morphology of spines in young adult (6 weeks old) were analyzed in wild-type, hetero- and
homozygous Cpne6D167N mice (Figure 6B; Supplementary Figure S5A). As cultured
hippocampal neurons from Cpne6D167N mice differ in their spine structure, we classified the
spines into thin, mushroom and stubby morphological categories according to the program
NeuroVision (Figure 6B, right). While there was no difference in the overall spine density
between wild-type and Cpne6D167N mutant mice (Figure 6C), morphometric analysis of dendritic
spines from Thy-mGFP-Cpne6D167N mice showed that CA1 pyramidal neurons contained a
higher density of thin spines and a lower density of mushroom spines with no difference in the
density of stubby spines compared to wild-type mice (Figure 6D). In the case of heterozygous
Thy-mGFP-Cpne6D167N mutant mice (+/Cpne6D167N), we found an increased spine density in
+/Cpne6D167N mutant mice when compared to wild-type mice (Supplementary Figure S5B).
The morphometric analysis showed high density of thin spines, and decrease density of stubby
spines compared to wild-type (Supplementary Figure S5C).
Finally, we also assessed whether the loss of calcium binding in Copine-6 affected the
overall morphology of pyramidal neurons. Firstly, dendritic ramifications of pyramidal neurons
from the CA1 of Wt and Cpne6D167N mice were analyzed using the IMARIS filament tracer
(Figure 7A, B). We found that both basal and apical dendritic branch points were reduced in
Cpne6D167N mice compared to wild-type mice (Figure 7C). A further analysis of the complexity
of the basal and apical dendrites of pyramidal neurons of the CA1 area was conducted by Sholl
analysis (see Supplementary Figure S6 for details). This Sholl curve analysis showed that
both the basal and apical dendritic trees from Cpne6D167N mice were markedly less complex
than those from the wild-type mice (Figure 7D). Specifically, at radii at the distance between
40 and 60 μm away from the soma, the number of intersections was significantly lower in basal
dendrites of the Cpne6D167N mice than in controls (Figure 7D, left). A lowering of the number
of intersections in Cpne6D167N mice was also observed on the apical dendrites at a distance of
80 to 100 μm (Figure 7D, right). The significant reduction in branching and intersections of
pyramidal neurons from the CA1 area of Cpne6D167N mice demonstrates reduced dendritic
complexity, strongly suggesting that abrogation of calcium binding in Copine-6 may indirectly
restrict dendritic complexity.

¦ 37

DISCUSSION
Copine-6 has been identified as a calcium-sensor regulating mechanisms involved in synaptic
plasticity (Reinhard et al 2016; Burk et al 2018). Due to the similarity of Copine-6 to other
calcium sensors (e.g. synaptotagmin, PKC, and Doc2) and the finding that it translocate to
dendritic spines in a calcium-dependent manner after NMDAR activation (Reinhard et al.,
2016), we here asked whether Copine-6 calcium binding is a key functional component
required for its role in synaptic plasticity. Utilizing a series of in vitro and in vivo experiments,
we demonstrate that in the knock-in Cpne6D167N mouse model, Copine-6 cannot localize to the
postsynaptic area of hippocampal synapses in a calcium-dependent manner, we show that the
density of mature spines is reduced while that of immature spines increases. Finally, cultured
hippocampal neurons from the mutant mice do not undergo synaptic strengthening after
potentiation and pyramidal CA1 neuronal complexity is decreased.
We found that a single amino acid change of Asp167 to Asn in the C2 domain was
sufficient to prevent calcium/phospholipid-dependent translocation of Copine-6 in the knock-in
mice (Figure 2). Although done in neurons, our results are consistent with an early report
overexpressing a Copine-6 calcium insensitive mutant, which shows that Ca2+-dependent
translocation of Copine-6 to the membrane was abolished (Reinhard et al., 2016). Therefore,
our work demonstrate for the first time that a point mutation blocks Copine-6 calciumdependent translocation in vivo.
Calcium binding to Copine-6 is critical for its modulator function in spine structure
plasticity
Calcium compartmentalization and translocation of Copine-6 in a calcium dependent manner
to the dendritic spines suggest a role of Copine-6 in the regulation of spine structural plasticity.
We found that Cpne6D167N point mutation induces a shift of the dendritic spine morphology from
mushroom spines to thin spines (Figure 3 and 6). Interestingly, Burk and colleagues also
found a reduction in the number of mushroom spines using a Copine-6 mutant (called
cpne6CaM), which cannot bind to membranes in a calcium-dependent manner. Although they
did not analyze the number of thin spines, they also found an increase in filopodia-like spines
in their preparation (Burk et al., 2018). Thin spines have been identified as “learning” spines,
and are thought to represent an immature state of dendritic spines (Kasai et al., 2003; Holtmaat
et al., 2005; Zuo et al., 2006). Current investigations suggests that when compared to bigger
mushroom spines, thin spines are structurally more motile, transient, and have weaker
synapses (Kasai et al., 2003; Holtmaat et al., 2005). In addition, spine motility is considered a
marker of synaptic maturation as it decreases over time (Dailey &Smith, 1996; Ziv & Smith,
1996). Our results confirm that the immature spines that we observed in vitro and in vivo, are
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also highly motile and possess a small head volume (Figure 4), suggesting that mice
expressing the Cpne6D167N mutant are delayed in neuronal maturation, which may also affect
spine maintenance and stability. Besides, increased calcium influx via NMDAR cause Copine6 to be enriched in dendritic spines, thus Copine-6 calcium binding may be important to
strengthen and stabilized potentiated synapses. Using an LTP-inducing paradigm, we show
that Cpne6D167N neurons fail to undergo strengthening by showing a decreased number of
mature spines and excitatory synapses (Figure 5). NMDAR-dependent calcium influx can
induce LTP and LTD (Lüscher and Malenka, 2012), therefore it seems likely that Cpne6D167N
immature neurons fail to potentiated after LTP induction and removal or endocytosis of
synaptic AMPAR may occur as an LTD response. Interestingly, Burk et al., found in Copine-6
knockdown slices that the initial phase of LTD was increased compared to control (Burk et al.,
2018). Therefore, these results suggest that because of abrogated Copine-6 calcium binding
there is a decrease in intracellular calcium levels that may cause activation of other pathways
(e.g. Phosphatases). Besides, the lack of maturation of Cpne6D167N spines may affect spiketiming dependent plasticity (Dan and Poo 2004; Caporale and Dan 2008), consequently the
direction of synaptic plasticity between pre- and post-synapses may not coincide with the
appropriate timing. These results corroborate that the calcium binding to Copine-6 is crucial
for its function as a modulator of synaptic plasticity and consequently important for the stability
of spines.
Non- synaptic filopodia-like structures are predominant in the heterozygous Cpne6D167N
mutant mice
The effect of the heterozygous mice expressing Cpne6D167N and one wild-type copy of Copine6 was also analyze. We found that a proportion of Copine-6 translocate to the membrane
fraction in a calcium dependent manner (Supplementary Figure S2). This result suggest that
a dose effect might occur in the heterozygous Cpne6D167N, as 50% of the wild-type Copine-6
still harbor the ability to translocate. However, the remaining 50% from the Cpne6D167N mutation
seems to be sufficient to cause spine structure changes as in heterozygous Cpne6D167N mice
there is an increase in spines density, in which thin spines increases seems to occur at
expenses of stubby spines (Supplementary Figure S5). Although the presence of filopodialike spines is a distinguishable phenotype of the +/CPNE6D167 neurons, we did not find any
significant morphological differences in our in vitro data (Supplementary Figure S3). A
possible explanation might be that the number of experiments needs to be increase to get a
significant result. Nevertheless, these results suggest a dominant-negative effect by the 50%
of the calcium insensitive mutation, which seems to be enough to affect Copine-6 function as
a modulator of synaptic plasticity. Interestingly, cLTP-inducting paradigms caused an increase
in non-synaptic filopodia-like spines in the +/Cpne6D167N neurons (Supplementary Figure S4).
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Although, we could not detect a decrease in mushroom spines, our results are similar to the
increase of filopodia-like structures in Copine-6 knockdown neurons (Burk et al., 2018). Based
on this, the effect observed in the heterozygous Cpne6D167N mice may be based on the
expression of only 50% of the wild-type Copine-6. However, a dominant-negative effect of the
mutant Copine-6 is more likely, as overexpression of the calcium mutant in the wild-type
background also affect spine size adjustments after cLTP (Reinhard et al., 2016) and that
heterozygous Copine-6 knockout mice do not show a similar phenotype as the heterozygous
Cpne6D167N mice (unpublished data). In addition, the increase in filopodia-like spines suggest
a compensatory mechanism that may be related with a recapitulation of a developmental
stage, which is use to revert the 50% of the Cpne6D167N mutation by trying to establish new
connections. Therefore, the heterozygous Cpne6D167N seems to undergo a process of
sampling, resamplilng, rewiring and refining, which in necessary to generate a well-tuned
mature network. However, spines in the heterozygous Cpne6D167N mice might become
destabilized, as there is less calcium influx and translocated Copine-6. In addition, the calcium
mutant could scavenge Rac1 and thus keep this GTPase away from the postsynaptic spines.
This in turn, could revert spines to filopodia-like structures that consequently cannot be
potentiated and are further eliminated. All together, these results support the previous finding
in the homozygous Cpne6D167N, demonstrating that Copine-6 calcium binding is crucial for the
maintenance and stabilization of synapses.
Abrogation of calcium binding to Copine-6 cause changes in neuronal complexity,
implying that learning and behavioral abilities might be affected
It is known that subtle changes in dendritic or synaptic structure can lead to changes in
information processing, causing a remodeling of the neuronal circuitry (Holmaat & Svoboda,
2009; Penzes et al, 2011). Therefore, spine morphology and dendritic arborisation are key
determinants of neuronal connectivity and play critical roles in learning, memory and
behavioral function. Here, we found a decrease in dendritic branching and intersections of
Cpne6D167N pyramidal neurons in vivo (Figure 7). In addition, Cpne6D167N neurons showed
significantly less apical dendritic complexity at 100 μm from the soma into the stratum radiatum
region, which is a functionally distinct compartment receiving strong inputs from the CA3 region
via Schaffer Collaterals. Consequently, it seems that when Cpne6D167 fails to stablish mature
contacts there is a profound effect that may led to formation of immature structures that will
indirectly fail to keep a well-tuned mature network (Supplementary Figure S7). Suggesting
that Copine-6 calcium binding indirectly promotes dendritic complexity, by maintaining mature
synapses that are able to integrate synaptic inputs.
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Besides, we found that the point mutation of Copine-6 does not cause any differences
in body and brain mass, along with gross morphology of the brain and hippocampus (Figure
1). Although differences in structural morphology are observed in various mouse models of
neurological disorders (e.g. Alzheimer Disease, Fragile X syndrome, and Autism), other
parameters such as changes in dendrites, spine morphology and potentiation (Kaufmann &
Moser 2000; Fiala et al., 2002) also correlate with impaired synaptic plasticity and learning and
memory. For example, studies of Fragile-X syndrome (FXS) mouse models have shown a
correlation between spine morphology, neuron functionality and behavior, supporting the
importance of proper dendritic spine morphology and density for normal synaptic plasticity and
behavior (Nosyreva and Huber, 2006, Comery et al., 1997; Pilpel et al., 2009). Furthermore,
reduction in the size and complexity of dendritic arbors are common in disorders associated
with intellectual disability (Kaufmann and Mosser, 2000). The structural-morphological
changes observed in Cpne6D167N mice suggest that Copine-6 calcium binding is essential for
its basal function at synapses. Interestingly, CPNE6 (encoding Copine-6) has been mapped
as a possible candidate gene involved in intellectual disability resulting from a missense
mutations in a specific locus of the Von Willebrand A domain (vWFA) (Anazi et al, 2017).
Moreover, Copine-6 has also been related with other neurological disorders, such as
depression and refractory epilepsy, as both syndromes are correlated with decreased levels
Copine-6 and a loss of strength or plasticity and increased levels of Copine-6 with hyperactivity
of synapses, respectively (Han et al., 2018; Zhu et al., 2016; Lai et al., 2016).

These

investigations support a role of Copine-6 as an important regulator of hippocampal synaptic
plasticity, with a possible role in hippocampal learning and memory.
The calcium-biding site is key for the function of Copine-6 as its mutation has a more
profound effect in synaptic plasticity than the complete abolishment of Copine-6.
Increase of calcium after the NMDA activation, and the further activation of CAMKII is the best
characterized molecular mechanism related to the strengthening of excitatory synapses.
Moreover, the T286 autophosphorylation site of CAMKII is thought to act as a molecular switch,
which translated the increase postsynaptic calcium level into kinases signaling (De Koninck
and Schulman 1998; Giese et al., 1998). Interestingly, Copine-6 bears some functional
similarity to CAMKII, like its activation via the NMDAR calcium influx and its recruitment ability
into active spines (Shen and Meyer, 1999; Lee et al., 2009). Here we identified the Copine-6
calcium-binding site as a possible molecular switch acting as a sensor of calcium levels and
further initiating signaling cascades important for synaptic function. The phenomenon
observed in the different phenotype in mice expressing a phosphorylation mutant of CaMKII
compared to mice deficient of CaMKII (Giese et al., 1998) is similar to our finding of a more
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profound effect by the calcium site abrogation than the complete elimination of Copine-6. This
base on that the knockout Copine-6 model shows no difference in basal synaptic function
compare to the knock-in calcium insensitive mutant. One possible explanation that complete
loss of Copine-6 does not affect spine structure could be a partial compensation by other
copines. For example, Copine-4 and -7 are known to be expressed in the brain (Tomsig and
Creutz, 2002) and to respond to calcium/phospholipid binding (Perestenko et al., 2010,
Perestenko et al., 2015). Copines have different affinities for calcium; therefore, their
translocation to membranes might occur at different rates, causing them to respond to different
patterns of neuronal activity. It might be that Copine-7 cannot cope with the increase amount
of calcium and consequently fail to keep synapses strengthened. Further, the proper
localization of proteins is critical for their correct functioning (Hung and Link, 2011). We show
that a single amino acid change affects the subcellular localization of Copine-6 and proteins
interactions, situation that can either reduce - loss of function- or induce -gain of function- a
specific protein localization. Copine-6 seems to rely on its ability to translocate to the dendritic
spines in a calcium-dependent manner, where it acts as a calcium sensor and is engaged with
signaling molecules that have an important role in synaptic plasticity - e.g. BDNF/TrkB/ERK,
Rac1/Cofilin/Actin - (Burk et al., 2018; Reinhard et al., 2016). Therefore, the inability of Copine6 to translocate to spines might affect the signaling efficiency of those proteins involved in the
synaptic structural plasticity. On the other hand, it is also possible that mislocalization of these
proteins may trigger other interactions that cause an impairment of the synaptic mechanism.
In addition, Copine-6 has been mainly found in post-synapses (Burk et al., 2018;
Reinhard et al., 2016; Bayes et al., 2011; Schrimpf et al., 2005; Nakayama et al., 1999),
therefore its role as a modulator of synaptic plasticity seems to be correlated with its
localization and translocation via its calcium sensor ability (Burk et al.,2018; Reinhard et al.,
2016). Recently, a publication by Liu et al. found Copine-6 in the pre-synapses where it acted
as a calcium sensor regulator of spontaneous neurotransmitter release by its interaction with
syb2 (Liu et al., 2018). They claim that Copine-6 can act as a SNARE protein in pre- and postsynapses, a phenome observe in other calcium sensors (i.e. syb2) (Jurado et al., 2013).
Interestingly, a proteomic analysis from LOT axons (primary axons projected from the olfactory
bulb to the lateral surface of the telencephalon) shows that Copine-6 levels are upregulated
during early stage (from E14.5-E18.5) of maturation of axonal projections. However, in a further
analysis done in primary hippocampal culture neurons they shows that Copine-6 did not reach
a significant difference in its expression levels at different developmental stages (E15.5, E.15.5
and P0) (Yamatani et al., 2010). Important to note is that the analysis was done from cells of
different areas, therefore the expression of Copine-6, as well as it function could differ
according to that. In this work, we focus on the hippocampus as Copine-6 has been shown to
be predominately express in that brain area. Copine-6 is a novel protein and therefore its role
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in the CNS need to be further investigating. Regardless of its localization, all these
investigations clearly showed that Copine-6 has an important role as a calcium sensor that
interacts with other molecules amplifying the signaling cascade.
In conclusion, understanding the molecular mechanism may shed light into the
functional and structural changes that occur during synaptic plasticity. Transgenic, knock-in
and knockout animal models are becoming increasingly useful for disentangling the roles of
pre and post-synaptic structures, as the use of these models allow us to investigate the effect
that the mutant gene had, therefore give us insight to understand key functions. Copine-6 has
been show to rely on its calcium sensor ability, therefore our knock-in Cpne6D167N

mouse

model allowed us to specifically investigate the effect of the abrogation of the calcium binding
of Copine-6. Thanks to the generation of our knock-in mouse model, we can conclude that
expression of the calcium mutant in the Cpne6D167N mice causes a severe disruption of the
maturation, maintenance and potentiation of excitatory synapses and has deleterious
consequences on dendritic complexity. Thus, our results suggest that calcium binding to the
C2B domain is a key functional component for Copine-6 to act as a sensor switch that regulates
synaptic plasticity mechanism.
Here, we demonstrate that this calcium binding of Copine-6 is critical component for its
function as a regulator in the synaptic plasticity mechanism and consequently for the spine
structure of pyramidal neurons in vivo. While Copine-6 has been shown to interact with several
signaling pathways that have also been implicated in synaptic function (Reinhard et al., 2016;
Burk et al., 2018; Han et al., 2018), it still remains largely upon as to how the calcium mutant
affects spine structure in vivo. It might be that the presence of multiply pathways enables the
cell to selectively regulate individual pathways in response to physiological stimuli and thereby
to regulate specific aspect of synaptic function, causing it to be robust. Therefore, it seems that
different pathway are needed in order to keep the synaptic mechanism suggesting that one of
this pathway may be regulated by Copine-6. One possibility is that the calcium mutant act as
a scavenger of those interacting proteins and hence prevents their calcium-dependent
transport to synapses.
Finally, the number of immature spines and its relation with ID and neurological
disorders identified Copine-6 as a regulator of the synaptic plasticity mechanism, which also
imply a role in learning and memory mechanism. Therefore, further investigation should be
done to access whether Copine-6 calcium- binding mutation also affects murine learning and
memory. Nevertheless, our results opened a new avenue for continuing the investigation of
Copine-6 and its role in the synaptic plasticity, learning and memory. The mouse model
presented here will allow to further investigate the mechanisms that are involved in this process
and may also allow to get more insights into the mechanisms involved in intellectual disability
(Anazi et al, 2017) and other neurological diseases in which spine structure and the process
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of learning and memory is affected. Such studies might provide new avenues for the molecular
understanding of these disorders and may reveal possible therapeutic targets.
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FIGURES

Figure 1. Characterization of the mice expressing the Copine-6D167N calcium mutant. (A)
Representative pictures of wild-type (Wt) and mice expressing the calcium-insensitive Copine6 mutant (Cpne6D167N) and body weight quantification (right). (B) Picture of dissected adult
brains from Wt and Cpne6D167N mice and brain weight quantification (right). Data are mean
±SEM from n = 4 male mice (13 weeks old) per genotype. n.s. P > 0.05 by Student’s t-test.
Scale bar, 5 mm. (C). Cresyl violet-stained coronal brain sections of 13-week-old wild-type
(Wt) and Cpne6D167N mutant mice at the hippocampus level. The overall organization of mutant
and wild type mice is the same. (D) Cpne6 mRNA levels were measured in hippocampal
lysates from wild-type (Wt) and Cpne6D167N mutant mice by real-time PCR. Data are mean
±SEM from n = 3 male mice (6 weeks old) per genotype. n.s. P > 0.05 by Student’s t-test.
Right: Western blot analysis of hippocampal lysates from mice of the indicated genotype. Note
that there is no change in the transcript and the protein levels between the different mice.
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Figure 2.

Calcium-mediated membranal translocation is abrogated by Cpne6D167N

mutation in vivo. (A) Hippocampal lysates were separated into cytoplasm and membrane
fractions by high-speed centrifugation. Abbreviations are as follow: S1 – S2, supernatants; P1
– P2, pellets (B) Representative Western blot analysis from subcellular fractionation of adult
mice hippocampus in the presence of calcium or EDTA added after first centrifugation. (C)
Quantification of the levels of Copine-6 immunoreactivity in the cytosolic (cyt) fraction S2 and
the membrane (memb) fraction P2 in the presence of calcium or EDTA. GAPDH was used as
loading control to compare the different genotypes. Copine-6 from wild-type mice partitions in
the membrane fraction in the presence of calcium. In contrast, the distribution of the mutated
Copine-6D167N mice is not affected by Ca2+ as it largely partitions with the cytoplasmic fraction.
Data are represented as mean ± SEM from n = male 4 mice per genotype. *p <0.05, **p<0.01,
***p<0.001, Student’s t-test and Sidak-Bonferroni Post hoc analysis.
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Figure 3.

The Copine-6D167N calcium mutant affects spine structure in cultured

hippocampal neurons. (A) Upper row: Scheme of the different spine morphologies analyzed.
Lower row: Maximal intensity projection of representative dendrites hippocampal neurons at
DIV 14 and DIV 21 from wild-type (Wt) and Cpne6D167N mice. Neurons were transfected with
cDNAs encoding β-actin-tdRFP (spine marker) and GFP (volume marker) at DIV07 or DIV 14,
respectively. Scale bar 10 μm. (B) Quantification of filopodia-like, thin and mushroom spines
at the indicated time points. Mushroom-like spines density is higher in wild-type mice compared
to Cpne6D167N mice at DIV 14 and 21. Density of spines was quantified from 70 μm dendritic
length. Data are mean ± SEM from n = 15-20 neurons; Wt: n = 877 spines, Cpne6D167N: n=
1112 spines; *p <0.05, **p<0.01, ***p<0.001, Student’s t-test and Sidak-Bonferroni Post hoc
analysis.
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Figure 4. Dendritic spines of hippocampal neurons from Cpne6D167N mice are more
motile. (A) Deconvolved images of a representative dendrite of wild-type (Wt) and Cpne6D167N
mutant hippocampal neurons expressing β-actin-tdRFP (spine marker) and GFP (volume
marker) at DIV 14. Representative image of a dendrite from wild-type hippocampal cultured
neuron (right). Scale bar 10 μm. (B) Mean spine volume in Wt and Cpne6D167N neurons over
the entire recording. (C) Distribution of relative spine volume changes within 2.5 minutes of Wt
and Cpne6D167N neurons. Data are mean ±SEM from n = 73 dendritic spines from 5
independent experiments. *p <0.05, **p<0.01, ***p<0.001; unpaired t test; t test.
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Figure 5. Copine-6D167N–expressing neurons do not show spine structural plasticity. (A)
Representative confocal pictures of DIV 21 neurons isolated from wild-type (Wt) or Cpne6D167N
mice, which were transfected at DIV14 with constructs coding for β-actin-tdRFP (red; spine
marker) and GFP (green; volume marker). Cultures were incubated with ACSF or cLTPinducing ACSF (cLTP) for 10 min. Spine morphology analysis 60 mins after ACSF/cLTP
treatment . Scale bar 10 μm. Right column: Quantification of mushroom-like spines from
neurons isolated from Wt and Cpne6D167N mice. Density of the spine morphology was
determined by the number of spines in 70 μm dendritic length. Density of mushroom-like spines
is increased after cLTP induction in Wt but not in Cpne6D167N neurons. Data are mean ±SEM
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from n = 15-20 neurons from four independent cultures. Wt: n = 600 spines, n = 540 spines
from ACSF and cLTP condition, respectively. Cpne6D167N: n = 512 spines, n = 542 spines from
ACSF and cLTP condition, respectively. Scale bar, 10 µm. *p <0.05, **p<0.01, ***p<0.001,
Student’s t-test with Sidak-Bonferroni post hoc test. (B) Representative immunofluorescence
image of dissociated hippocampal neurons (DIV 21) stained for MAP2 (green) vGlut1 (red) and
surface GluA1 (blue/grey). Scale bar 10 μm. Bottom: Cultures after 10 min incubation with
ACSF or cLTP-inducing (cLTP) medium for 10 minutes, stained for MAP2 (green), vGlut1 (red)
and GluA1 (blue). Example of surface GluA1 juxtaposed to vGlut1 is indicated by a white
rectangle. Right: Quantification of the number of synapses, as defined by the juxtaposition of
GluA1 and vGlut1. Data represent the percentage of Glutv1/GluA1-positive synapses
normalized to the sum of vGlut1, GluA1 and Glutv1/GluA1puncta. N= 18-19 neurons per
genotype from 4 independent cultures. Wt: n= 943 puncta, n = 1052 puncta from ACSF and
cLTP condition, respectively. Cpne6D167N: n = 836 puncta, n = 943 puncta from ACSF and cLTP
condition, respectively. *p <0.05, **p<0.01, ***p<0.001, Student’s t-test with Sidak-Bonferroni
post hoc test.
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Figure 6. Spine morphology is altered in mice expressing the Copine-6D167N mutant. (A)
Representative low-power view of the hippocampus of a 6-week-old wild-type (Wt) mouse
expressing sparsely membrane-associated GFP (Thy-mGFP mice). Abbreviations are: DG
(Dentate Gyrus), CA1 (Cornu Ammonis 1). Scale bar= 50 μm. (B) Representative high
magnification of secondary apical dendrites of CA1 neurons in Thy-mGFP mice on wild-type
(Wt) and Cpne6D167N background. Scale bar = 10 μm. Representative image of the
classification of the spines by NeuroVision (right corner). (C) Quantification of the spine density
in Wt and Cpne6D167N mice. (D) Quantification of the density of thin, mushroom and stubby
spines in the different mice. The density of thin spines is increased in Cpne6D167N compared
to Wt mice while the density of mushroom spines decreases. Data are mean ±SEM from n =
21-26 dendrites from three 6-week-old mice per genotype. Wt: n = 1734 spines; Cpne6D167N: n
1444= spines. n.s *p <0.05, **p<0.01, ***p<0.001, Student’s t-test with Sidak-Bonferroni post
hoc test.
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Figure 7. Dendritic ramification of neurons of the CA1 hippocampal area are simplified
in Copine-6D167N mice. (A) Representative images of coronal brain sections showing the
Cornu Ammonis (CA1) and Dentate Gyrus (DG) areas of the hippocampus in wild-type (Wt)
and Cpne6D167N mice expressing Thy-mGFP. Scale bar = 50 μm (B) Maximum intensity
projections of pyramidal neurons of the CA1 area and their respective filament analysis by
IMARIS. Scale bar = 50 μm (C) Quantification of the number of apical, basal and total dendritic
branch points per neuron. (D) Sholl analysis of the apical and basal arbors of pyramidal
neurons in Wt and Cpne6D167N mice. Data are mean ±SEM from six-week-old mice genotype
(n = 6 per genotype); Wt: n = 53 neurons, Cpne6D167N: n = 56 neurons. *p <0.05, **p<0.01,
***p<0.001, Student’s t-test with Sidak-Bonferroni post hoc test.
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SUPPLEMENTARY FIGURES

Supplementary Figure S1. Design of the Copine-6D167N calcium mutant mice. The GAT
triplet coding for Asp at position 167 (which is required for calcium binding) was mutated to
AAT (encoding Asn). Note: because of the proximity of the GAT codon to the splice junction
between exon 5 and 6, the two exons were fused in the targeting vector.
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Supplementary Figure S2. Calcium-mediated membranal translocation of the
heterozygous Copine-6D167N mutant mice. Transcript and protein levels of Copine-6. (A)
Cpne6 mRNA levels were measured by real-time PCR from hippocampal RNA extracts of sixweek-old male wild-type (Wt) and Cpne6D167N mice (n = 3) (left). Levels of the mutated
transcript do not differ between Wt and +/Cpne6D167N. (B) Representative Western blot from
subcellular fractionations of adult mice hippocampus in the presence of calcium or EDTA. (C)
Quantification of the levels of Copine-6 immunoreactivity in the cytosolic (cyt) fraction S2 and
the membrane (memb) fraction P2 in the presence of calcium or EDTA from wild-type (Wt) and
+/Cpne6D167N mutant mice. GAPDH was used as loading control to compare the different
genotypes. Copine-6 from wild-type and heterozygous Cpne6D167N mice partitions in the
membrane fraction in the presence of calcium. Data are represented as mean ± SEM from n
= male 4 mice per genotype. *p <0.05, **p<0.01, ***p<0.001, Student’s t-test and SidakBonferroni Post hoc analysis.
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Supplementary Figure S3. The heterozygous Copine-6D167N hippocampal neurons does
not show to have changes in the spines structure plasticity.
(A) Representative scheme of the different spine morphologies analyzed (upper row).
Maximal intensity projection of representative dendrites of wild type (Wt) and +/Cpne6D167N
hippocampal neurons at DIV 14 and DIV 21 transfected at DIV07 or DIV 14 with β-actin-tdRFP
(spine marker) and GFP (volume marker), respectively (lower row). Scale bar, 10 μm. (B)
Quantification of filopodia, thin, and mushroom spines from neurons isolated from wild type
(Wt) and +/Cpne6D167N. Density of spines was quantified from 70 μm dendritic length. Data are
density mean ± SEM from n = 15-20 neurons; Wt: n = 877 spines, +/Cpne6D167N: n= 976 spines;
*p <0.05, **p<0.01, ***p<0.001, Student’s t-test and Sidak-Boferroni Post hoc analysis.
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Supplementary Figure S4. Heterozygous Copine-6D167N–expressing neurons show
impairments in structural spine plasticity and synaptic strengthening. (A) Representative
confocal pictures of DIV21 primary neurons isolated from wild-type (Wt) or +/ Cpne6D167N mice,
which were transfected at DIV14 with constructs coding for β-actin-tdRFP (red; spine marker)
and GFP (green; volume marker). Cultures were incubated with ACSF or induced cLTP (cLTP)
for 10 min. Spine morphology analysis 60 mins after ACSF/cLTP treatment. Scale bar 10 μm.
Right column: Quantification of mushroom-like spines from neurons isolated from Wt and
Cpne6D167N mice. Density of the spine morphology was determined by the number of spines in
70 μm dendritic length. Density of mushroom-like spines is increased after cLTP induction in
Wt but not in +/Cpne6D167N neurons, while density of filopodia-like spines is increased in
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+/Cpne6D167N neurons but not in Wt. Data are density mean ±SEM from n = 15-20 neurons per
genotype from four independent cultures. Wt: n = 600 spines, n = 540 spines from ACSF and
cLTP condition, respectively. +/Cpne6D167N: n =666, n = 789 spines from ACSF and cLTP
condition, respectively. Scale bar, 10 µm. *p <0.05, **p<0.01, ***p<0.001, Student’s t-test with
Sidak-Bonferroni post hoc test. (B) Cultures after 10 min incubation with ACSF or cLTPinducing (cLTP) medium for 10 minutes, stained for MAP2 (green), vGlut1 (red) and GluA1
(blue). Example of surface GluA1 juxtaposed to vGlut1 is indicated by a white rectangle. Right:
Quantification of the number of synapses, as defined by the juxtaposition of GluA1 and vGlut1.
Data represent the percentage of Glutv1/GluA1-positive synapses normalized to the sum of
vGlut1, GluA1 and Glutv1/GluA1puncta. Scale bar, 10 μm. N = 18-19 neurons per genotype
from 4 independent cultures. Wt: n= 943 puncta, n = 1052 puncta from ACSF and cLTP
condition, respectively. +/Cpne6D167N: n = 838 puncta, n = 767 puncta from ACSF and cLTP
condition, respectively. *p <0.05, **p<0.01, ***p<0.001, Student’s t-test with Sidak-Bonferroni
post hoc test.
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Supplementary Figure S5.

Structural spine plasticity in heterozygous Copine-

6D167N mutant mice is altered. (A) Representative high magnification of secondary apical
dendrites of CA1 neurons in Thy-mGFP mice on wild-type (Wt) and heterozygous Cpne6D167N
(+/Cpne6D167N) background. Scale bar = 10 μm. (B) Quantification of the overall density of
spines in +/Cpne6D167N and wild-type mice (C) Quantification of the density of thin, mushroom
and stubby spines in wild type (Wt) and +/Cpne6D167N mice. The density spines is increased in
+/Cpne6D167N compared to Wt mice. Thin spines density is increased while the density of
stubby spines decreases. Data are mean ±SEM from n = 21-26 dendrites from three 6-weekold mice (n = 3 per genotype). Wt: n = 1734 spines; +/Cpne6D167N: n = 1673 spines. n.s p>0.05,
*p <0.05, **p<0.01, ***p<0.001, Student’s t-test with Sidak-Bonferroni post hoc test.
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Supplementary Figure S6. Representative Sholl analysis from CA1 basal dendrites of
six-week-old Thy-mGFP Wt and Cpne6D167N mice. Images were processed and analyzed
by IMARIS software (for more details see methods).
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Cpne6D167N

Supplementary Figure S7. Model of the possible mechanism that occurs in our
Cpne6D167N . Loss of the calcium binding of Copine-6 seems to be related with the abundance
of immature dendritic spines. In the Cpne6D167N mouse, immature thin spines cannot be
strengthened and consequently a simplification of the dendritic arborisation of the CA1
pyramidal neurons results. The dendritic simplification may cause an impairment in the micro
circuitry of the Cpne6D167N hippocampus.
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6.

Appendix

6.1 Publication1: “Inhibition of the MID1 protein complex: a novel approach
targeting APP protein synthesis”
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