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Abstract

Climbing fibres and parallel fibres compete for dendritic space on Purkinje cells in the cere-
bellum. Normally, climbing fibres populate the proximal dendrites, where they suppress the
multiple small spines typical of parallel fibres, leading to their replacement by the few large
spines that contact climbing fibres. Previous work has shown that ephrins acting via EphA4
are a signal for this change in spine type and density. We have used an in vitro culture
model in which to investigate the ephrin effect on Purkinje cell dendritic spines and the role
of integrins in these changes. We found that integrins a3, a5 and 4 are present in many of
the dendritic spines of cultured Purkinje cells. pFAK, the main downstream signalling mole-
cule from integrins, has a similar distribution, although the intenstity of pFAK staining and
the percentage of pFAK+ spines was consistently higher in the proximal dendrites. Activat-
ing integrins with Mg2+ led to an increase in the intensity of pFAK staining and an increase
in the proportion of pFAK+ spines in both the proximal and distal dendrites, but no change in
spine length, density or morphology. Blocking integrin binding with an RGD-containing pep-
tide led to a reduction in spine length, with more stubby spines on both proximal and distal
dendrites. Treatment of the cultures with ephrinA3-Fc chimera suppressed dendritic spines
specifically on the proximal dendrites and there was also a decrease of pFAK in spines on
this domain. This effect was blocked by simultaneous activation of integrins with Mn2+. We
conclude that Eph/ephrin signaling regulates proximal dendritic spines in Purkinje cells by
inactivating integrin downstream signalling.

Introduction

The dendrites of cerebellar Purkinje cells have two zones. The proximal zone has a few clusters
of spines, each cluster being innervated by a climbing fibre varicosity. The more distal branches
of the dendrites have a much higher spine density, each spine corresponding to a parallel fibre
input. The low spine density in the proximal dendrites is a result of the presence of climbing
fibre connections which compete out parallel fibres. This competition depends on electrical
activity, and if climbing fibres are removed or silenced the proximal region will now become
populated by parallel fibres. As the parallel fibres take over, the spine density increases and the
spines now have the appearance of those normally seen on the distal dendrites. The parallel
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fibre synapses are stabilised by the presence of GluR32 receptors, which may act as adhesion
molecules [1, 2]. A mechanism for the action of climbing fibres on proximal dendrite spine
density has recently been suggested; Cesa et al. (2011)[3] showed that climbing fibres repress
proximal spines through a mechanism involving Eph/ephrin signalling. Blocking both ephrinA
and ephrinB effects by infusion of EphA4-Fc led rapidly to a proliferation of spines in the prox-
imal dendrite, while infusion of ephrin A2 or ephrinB1 suppressed the proliferation of proxi-
mal spines that occurs if the climbing fibre effect is removed by action potential block.
Moreover animals lacking ephB1, B2 and B3 had a high spine density in the proximal dendrite
despite the presence of climbing fibres, suggesting that one or more of these molecules is the
receptor on Purkinje cells for ephrin released from the climbing fibres. Purkinje cells express
multiple eph receptors, including A4, A5, A7 and B2 and also the ephrins B1, B3, B2, A4, A5,
while the inferior olive, the nucleus of origin of the climbing fibres, expresses ephA4 and
ephrinB3 [4-8]. The mechanism by which eph/ephrin signalling might affect spines has been
reported to involve RhoA signalling, slingshot signalling, a pathway via CDK5, and an astro-
cyte-mediated pathway via integrins [9-14]. Spine formation, stability, motility and morphol-
ogy is affected by multiple factors, one of which is the action of integrins [15-19]. Integrins are
heterodimers of an alpha and beta subunit, and several types of heterodimer are present on the
postsynaptic side of most synapses. The different heterodimers have different actions, binding
to different ligands and linking to different intracellular signalling pathways. In synaptic biol-
ogy beta3 integrins are particularly associated with synaptic scaling and regulation of AMPA
receptors, alpha5 in spine formation, alpha3 in spine stability, betal in spine elongation and
long-term potentiation. [20-23] and reviewed in [17, 24]. The identity of the integrin ligands
in the synaptic space is still controversial, but application of the RGD peptide, which blocks the
RGD motif present on fibronectin and several other ECM glycoproteins evokes changes in
spine shape and stability [23]. Integrins signal mainly through the intracellular tail of the beta
integrin, via two kinases focal adhesion kinase (FAK) and integrin-linked kinase (ILK). In the
hippocampus activation of the Eph A4 receptor affects the structure of dendritic spines by influ-
encing integrin B1 actions [25], and in the cerebellum alphaVbeta3 integrin is present in Pur-
kinje cell dendritic spines and is involved in LTP [26]. In light of these studies, we decided to
investigate whether an integrin mechanism might mediate the effects of Eph/ephrin signalling
from climbing fibres as they control the spines on the proximal dendrites of Purkinje cells. We
have used in vitro models to study the effects of climbing fibres on Purkinje cell spines and also
direct eph/ephrin effects on Purkinje cell spines and we have modulated integrin function in
these models. We demonstrate an ephrin effect on integrin activation in spines, and effects on
spine shape and density after modulating the function of integrins.

Materials and Methods
Coverslips

Coverslip preparation is critical to obtain good cell adhesion and achieve long lasting cell cul-
ture. 13 mm glass coverslips were carefully washed with 1M nitric acid for at least 3 hours,
thoroughly rinsed at least three times with distilled water, placed independently on a filter
membrane and then autoclaved. When finally dried, coverslips were coated with a solution of
PDL (MW > 300 000) at 1mg / ml (Sigma) and placed in a 37°C incubator. Coverslips were
then rinsed 3 times in dH20 and dried out before any plating of cells.

Mixed Cerebellar Culture

E18 embryos were removed by cesarean-section from a terminally CO2-anesthetized pregnant
Sprague-Dawley rat. The embryos were sacrificed by decapitation, and placed in ice-cold
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HBSS-CMF dissecting medium. After removing the brain from the cranial cavity, the cerebel-
lum was isolated and kept in ice-cold Ca2+/ Mg2+-free Hank’s balanced salt solution (Gibco
21250). The cerebella were then digested in 2 ml of HBSS containing 0.1% trypsin at 37°C for
10 minutes. The digested cerebella were then rinsed twice with 8 ml of plating media and cen-
trifuged for 3 minutes at 1000 rpm. They were then gently triturated with 3 polished Pasteur
pipette of decreased diameter until the solution became opaque. Then, after settling down for 1
minutes, the cell suspension was collected and placed into a 15 ml falcon tube and cell density
was adjusted to 5x 106 cells / ml in plating medium. A drop of 50 pl of the cell suspension was
then plated on the glass coverslips of the central 8 wells of a 24 well plate, giving a final density
of approximately 2.5x 106 cells per coverslips. After at least 3—4 hours of incubation in a 7%
CO2 incubator, 900ul of serum-free culture media was added to each well giving a final con-
centration of 1% of serum in each well. The cells were then maintained in the incubator and
fed once a week by replacing half of the medium with a fresh medium deprived of any serum
but supplemented with bovine serum albumin (100 mg/ml; A3156, Sigma) and, in the case of
pure neuronal condition experiments, with the glial proliferation inhibitor cytosine arabinoside
(4 mM), (Tabata 2000; Furuya 1998). Experiments were conducted in accordance with the UK
Animals (Scientific Procedure) Act, 1986, under a Home Office project licence to the Univer-
sity of Cambridge.

Synaptoneurosome preparation

The method used for synaptoneurosome purification was that of [27]; please see this paper for
details. In brief, synaptoneurosomes were prepared from pooled cerebellar cultures at DIV21
in homogenization solution, centrifuged at 1,000xg for 10 min at 4°C, and the pellet resus-
pended in 40% Optiprep (Sigma-Aldrich). This was spun at 16,500xg for 30 min at 4°C
through an Optiprep step gradient. (35%, 25%, 15%, 12.5% and 9%). Fractions located at the
two top interfaces were removed, pelleted at 20,000xg for 10 min and resuspended and loaded
on a Percoll (Sigma-Aldrich) 25%, 20%, 16%,14% gradient. These were centrifuged 32,400xg
for 20 min at 4°C. The synaptoneurosome fraction at the top of the 20% step (named 1P4) was
removed pelleted by centrifugation at 20,000xg and resuspended for analysis.

Antibodies and reagents. Antibodies used in Purkinje cell experiment are: mouse
monoclonal anti Calbindin (Swant 1/2000), guinea pig polyclonal anti calbindin (Synaptic
System), chicken polyclonal anti calbindin (Swant 1/2000), rabbit polyclonal anti integrin B1
(Chemicon AB1952 1/500), rabbit polyclonal anti integrin 3 (Chemicon 1/500), rabbit poly-
clonal anti integrin 4 (Chemicon 1/500), rabbit polyclonal anti integrin a3 extracellular
domain Ralph3.2 (Santa Cruz), rabbit polyclonal anti integrin o3 cytoplasmic domain (Chemi-
con AB1920 1/500), rabbit polyclonal anti integrin o5 extracellular domain (Chemicon
AB1921 1/500), rabbit polyclonal anti integrin o5 cytoplasmic domain (Chemicon AB1928
1/500), rabbit polyclonal anti integrin ooV (Chemicon), mouse monoclonal anti PSD95 (Affin-
ity Bioreagents MA1-046, 1/500), rabbit polyclonal anti VGIuT1 (Synaptic System), guinea pig
polyclonal anti VGIuT2 (Synaptic System), rabbit polyclonal anti pFAK (Santa Sruz), MAP2,
Alexa fluor-conjugated secondary antibodies series were all purchased from Invitrogen and
used at a dilution of 1/1000.

Manganese MnCl2, 4H20, was acquired from Sigma and was used at a working concentra-
tion of 500 UM, corresponding to the concentration that provides a full activation of integrins.
EphrinA3 was used at 10 pg / ml and purchased from R&D. Application of ephrin required
preincubation with an Fc fragment to create an ephrinA3-Fc complex. 2.1.2.3 Reagents for
cell culture Culture of dissociated Purkinje cells were prepared by dissecting cerebellum in a
dissecting medium prepared with Hank's buffer salt solution (HBSS) Ca2+ and Mg2+ free,
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(HBSS-CMEF, Gibco) supplemented with HEPES and kept at 4°C. Cells were then plated on
coverslips in a plating medium (100 pl per well) containing a solution of DMEM / F12 (Gibco)
supplemented with 10% FCS. After 3 hours of incubation in plating medium, cells were supple-
mented with a serum-free neuronal medium (900 pl) such as each well contained 1% of serum.
The composition of the neuronal medium was as follow: DMEM / F12 (Gibco 31330-038),
B27 (Gibco 17504044, 1/100), N2 (Invitrogen 17502048 1/100), Glutamax (Invitrogen
35050038 1/100), T3 hormone 0.5 ng/ml (Sigma T6397), BSA (100mg/ml, Sigma A3156) and a
glial proliferation inhibitor: cytosine arabinoside AraC (4 mM, Sigma C1768).

Immunofluorescence

Cell cultures were fixed in 2% PSF at RT for 10 minutes, rinsed three times in 1x PBS and
blocked for 45 minutes at RT in a solution containing 1x PBS, 2% semi-skimmed milk (pow-
der), and 0.3% Triton-X100. For integrin staining the cells were fixed with Methanol at —20°C
for 5 minutes instead of PFA in order to preserve the integrity of the integrin epitope. After the
blocking step, cells were rinsed three times for 10 minutes in PBS and either incubated over-
night at 4°C with the primary antibodies diluted in blocking solution or incubated at room
temperature for 1 hour. After incubation of the primary antibody, cells were washed three
times in 1x PBS and finally incubated for 1 hour at room temperature in blocking solution con-
taining the conjugated secondary antibodies, and in the case of integrin staining with biotiny-
lated secondary antibodies. In this case the protocol requires an extra step consisting of
washing the excess of biotinylated secondary antibody with PBS 3 times and finally incubating
the cells streptavidin-conjugated antibody for another hour. Finally, cells were washed again in
1x PBS and mounted using Prolong Gold antifade reagent (Invitrogen) and let dry for 24 hours
at room temperature (RT) before visualization.

Image analysis and quantitative immunofluorescence

Immunolabeled cells were then visualized using a Leica CTR 6000B inverted confocal micro-
scope coupled to a Leica DFL 350-FX camera and using the same microscope parameters, of
laser intensity, gain and offset, for all the cells. The quantification of pFAK staining was per-
formed in Image]J by selecting an area of 16 pixels (4x4), image resolution 1024x1024, on top of
every visible dendritic spine and then measuring the intensity of immunostaining in the corre-
sponding channel in that area. The selection was displaced sequentially and manually from on
spine to another and the same method was strictly applied to every measured cells in each con-
ditions. The quantification of dendritic spines was performed by post-processing confocal z-
stack images using Image]. Cells were immunostained against Calbindin 28K in order to visual-
ize the morphology of Purkinje cells and their dendritic spines. The volume of z-stack was
determined for each cell in order to capture the entire dendritic arborization. By moving
through the z-stack spines can be identified more clearly that on a single picture. The length of
dendritic spines was determined by tracing a segmented line from the base of the spine (the
border of the dendritic shaft) to its apex. For each spine, the position in the z-dimension was
carefully chosen so that the spines was optimally visualized. Simultaneously, the number of
spines per visible segment was measured and provided an index of spine density (in spines per
10pm). Additionally, each spines was categorized by their morphology in one of the four
groups proposed by Lee et al. [28]. An illustration of spines and their categorisation is shown
in the figures. This method does not give the precision that could be achieved by electron
microscopy, and it is not possible to quantify reliably spines that point vertically towards or
away from the point of view.
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Table 1. Effect of integrin and Eph activation on the number and the intensity of pFAK- positive spines in Purkinje cells.

Control MnZ2* 500uM EphrinA3 EphrinA3/Mn*
Percentage of Proximal 23.3843.1 50.45+4.3 7.14+4.5 30.7£10.1
pFak* spines Distal 8.87+2.3 31.5745.7 6.35+2.4 26.2+7.2
Intensity of Proximal 1.00+0.7 1.83+1.07 0.55+0.38 1.07+0.48
pFak* spines Distal 0.67+0.5 1.15+0.7 0.61+0.31 1.28+1.19

doi:10.1371/journal.pone.0158558.t001

Statistical Analysis

All experiments in this section were conducted in blind conditions: the name of the different
treatment groups were hidden during both the imaging and the quantification. The names of
the different groups was only revealed after data analysis was completed. Statistical analysis
was performed using the software GraphPad Prism v5.2 and the data files were organized
using Microsoft Excel prior to analysis. All data analysis performed in sections 3.2 and 4.2 were
analysed using a 2-way ANOVA followed by pairewised comparison. Each experiments was
repeated 4 times. This number was used as the n parameter in the ANOVA. The results
obtained are regrouped in Table 1 and Table 2 which summarise the p-value of each test).

Results
1. Expression of integrins in Purkinje cells in vitro

We first investigated the expression and distribution of integrins in our mixed cerebellar cul-
ture model, using immunofluorescence and subcellular fractionation followed by western blot-
ting. Integrin immunofluorescence is limited by the availability of effective antibodies; we
tested various antibodies in our culture model and obtained reproducible and specific stains
using antibodies against 0.3, a5 and B4 two of which have previously been used for Purkinje
cell staining [26]. We stained mixed cerebellar cultures at 7, 14 and 21 days in vitro using these
antibodies, identifying Purkinje cells with an antibody to Calbindin 28k. There was no integrin
staining at DIV 7, but at DIV21, mature Purkinje cells were positive for both o3 and o5 integ-
rin. o 3 puncta were present on both soma, dendritic shaft and on a subset of spines but with
no particular pattern of distribution (Fig 1B). Similarly, staining for integrin 0.5 was scattered
homogeneously over the entire cell, but was prominent on dendritic spines identified by prox-
imity to puncta of bassoon staining (Fig 1A). Integrin 4 staining was also seen on a subset of
spines scattered over the dendrites (Fig 1C). Our results suggest that in conditions of mixed
cerebellar culture deprived of climbing fibres, integrins are homogeneously distributed over the
dendritic tree of Purkinje cells. In order to verify that integrins are present in the postsynaptic
regions, we performed a subcellular fractionation of cerebellar cultures according to the
method of [27], and found B1 integrin enriched in the synaptoneurosome fraction.

Table 2. Effect of integrin activation on length and density of spines in Purkinje cells.

Control Mn?2* 500uM EphrinA3 EphrinA3/Mn3* RGD
Spine length
(um) Proximal 1.03+0.35 0.99+0.31 0.830.36 0.98+0.49 0.74+0.37
Distal 1.0120.24 0.91+0.27 0.99+0.32 0.93+0.28 0.68+0.29
Spine density
(sp/um) Proximal 2.07+0.42 2.46+0.43 0.65+0.18 1.640.34 1.92+0.29
Distal 2.93+0.88 3.09£0.10 2.80+0.61 2.7120.41 2.75+0.38

doi:10.1371/journal.pone.0158558.1002
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Fig 1. Presence of integrins in dendritic spines of Purkinje cells. Immunostaining against integrin a3 and a5 in
Purkinje cells in culture (A-C) showing that integrins are expressed on the dendritic tree and in synapses where
they are contiguous with the presynaptic marker bassoon (A, arrowhead). The presence of integrins in dendritic
spines was further demonstrated by subcellular fractionation (E). IF = initial homogenate, P = spun down pellet,
IP4 = synaptoneurosome fraction. 31 integrin was concentrated in the 1P4 fraction, which was also enriched with
PSD-95 (D-E).

doi:10.1371/journal.pone.0158558.g001

2. Activation of integrins induces an increase in pFAK

Activation of integrins in hippocampal and cortical neurons can lead to structural modifica-
tions of dendritic spines through a reorganization of the actin cytoskeleton. Since we found
that integrins are expressed in many of the spines of Purkinje cells, we asked whether activation
of integrins in these cells would also lead to changes in in the intensity and number of spines
containing pFAK, the main downstream signalling molecule from integrins. We applied
500uM Mn2+ to Purkinje cell cultures at 21 days for one hour, and then fixed the cells for
immunostaining against Calbindin, total FAK and pFAK. In order to verify integrin activation
and signalling, and to give a further assessment of integrin distribution we quantified two
parameters: the intensity of pFAK staining in individual spines of Purkinje cells, and the ratio
of pFAK+/pFAK- spines per Purkinje cell (Fig 2), with separate counts for proximal (proximal
to the first branch) and distal dendrites. In basal conditions 23.3% of proximal spines (3.1,

n = 3 repeated experiments) and 8.9% of distal spines (+2.3, n = 3) were positive for pFAK
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suggesting that in resting conditions, proximal dendrites contain more activated integrins than
distal dendrites. After Mn2+ treatment, 50.4% of the spines on the proximal dendrite (+4.3,

n = 3) and 31.5% of the spines on the distal dendrites (+5.7, n = 3) became positive for pFAK
(Fig 2A and 2C; Tables 1 and 2). This increase was significant on both the proximal and the
distal dendrites (p = <0.001) Mn2+ treatment therefore increased the number of dendritic
spines containing activated integrins on both the proximal and the distal dendrites. We then
quantified the intensity of pFAK after treatment with Mn2+. There was a substantial increase
in the intensity of pFAK staining in dendritic spines treated with Mn2+, regardless of their den-
dritic compartment (Fig 2B). An example of the morphology of the spines and the effect of
these interventions is shown at higher magnification in Fig 3. Taken together, these results
demonstrate that many of the spines in Purkinje cells contain integrins and that treatment with
Mn2+ leads to their activation and to phosphorylation of FAK.

3. Activation of integrins does not affect spine density, length or
morphology in Purkinje cells

Since integrin signalling affects spine shape in cortical and hippocampal neurons, we looked at
the effect of integrin activation on the density, length and morphology of dendritic spines.
Cells were treated with 500uM of Mn2+ for 1h and then fixed for immunostaining. We labelled
the cells for Calbindin to visualize Purkinje cells dendritic spines and used pFAK staining as a
readout of integrin activation. We found that treatment with Mn2+ for 1h did not affect the
length of spines in either the proximal (1.03+ 0.35 um Control and 0.89+ 0.31 um Mn2+,

25um wl’’ A . * _30um

oS 3 J cL Il Mn2+ 0

3 ° g 100 mCTL

b= 2 m Mn2+

g % 2 80

S 24 § %

£ i 604 ’

2 * - *

D=1 o

8 o 401

g 11 =2

g € -

ﬁ g 204

" o : | | & : 1
Proximal Distal Proximal Distal

Fig 2. Manganese increases the number and the intensity of pFAK+ spines. Purkinje cells were treated with
500uM Mn2+ for 1 hour and then immunostained against pFAK (A left, control; A right, Mn2+). Before Mn2

+ treatment the proportion of and intensity of pFAK spines is higher in the proximal segment. After Mn2+ treatment,
both the number and the intensity of pFAK+ spines was increased throughout the dendrites.

doi:10.1371/journal.pone.0158558.9002
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p = 0.6056) or the distal dendrites (0.85+ 0.24 pm Control and 0.91+ 0.27 pm Mn2+,

p =0.7498, £SD (Tables 1 and 2). We then compared the density of spines on both proximal
and distal dendrites before and after treatment. Similarly, there were no significant changes in
spine density in either the proximal (2.07+ 0.42 spines per pm Control and 2.46+ 0.43 spines
per um Mn2+, p = 0.2453, +SD) or the distal dendrites dendrites after Mn2+ treatment (2.93+
0.88 spines per pm in control conditions and 3.09+ 0.1 spines per pm for Mn2+, p = 0.7383,
+SD, (Tables 1 and 2). These results suggest that the activation of integrins with Mn2+ does
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Fig 3. Effects of integrin manipulations on spine morphology, pFAK staining intensity and percentage of
stained spines. An example of spine categorization is shown in A left: the picture shown to the right is enlarged
and sharpened, and spine categories labelled. Treatment with RGD for 1h decreased pFAK intensity (A right green
and E) in Purkinje cell dendritic spines (Calbindin, red, A) and the number and intensity of pFAK+ spines (F). RGD
treatment also decreased spine length (B), with a more stubby phenotype rather than a thin one (C) but did not
affect spine density on either the proximal or distal dendrites (D).

doi:10.1371/journal.pone.0158558.9003
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not by itself affect the size or density of Purkinje cell dendritic spines regardless of their den-
dritic localization.

4. Inhibition of integrin activity causes spine retraction

We show above that integrin activation by itself does not lead to significant changes in spine
morphology, density or length in either the proximal or the distal dendrites: we therefore asked
whether blocking integrin function would affect spines. Purkinje cell cultures were treated with
an Arg-Gly-Asp (RGD)-containing peptide which acts as a competitive antagonist for RGD-
targeted integrins, and which in previous work affected spine behaviour in hippocampal neu-
rons [23]. We applied the RGD peptide for one hour in Purkinje cell culture and measured the
length of dendritic spines and pFAK on both proximal and distal dendrites. Both the intensity
of pFAK staining and the number of pFAK+ spines were decreased after RGD treatment
(p=0.02,n =12 and p = 0.04, n = 12 cells) confirming the ability of this peptide to decrease
integrin signalling (Fig 3A, 3E and 3F), also see last fig column RGD vs CTL. We then mea-
sured spine morphology on both proximal and distal dendrites. Inhibition of integrin function
with an RGD peptide led to a reduction in spine length on both proximal and distal dendrites
(p =0.004, Fig 3B, Fig 5 column RGD), but had no effect on spine density (p = 0.3, n =12
cells). Spine morphology was affected by RGD treatment, with a decrease in the proportion of
Thin and Mushroom spines and an increase in the proportion of Stubby spines on both den-
dritic domains (Fig 3C Column 5 RGD). Taken together, these results suggest that integrin
activity helps to maintain an elongated phenotype of spine on both proximal and distal den-
drites, consistent with distribution of both integrins and pFAK on the dendritic tree.

5. EphrinA3-Fc induces a collapse of proximal but not distal spines

Purkinje cells express the EphA4 receptor at high level and are also reported to express Ephs
A5, A7 and B2. They are therefore able to respond to ephrinA3 and other ephrins. We activated
these receptors using ephrinA3-Fc for one hour in Purkinje cell cultures and quantified spine
density on both proximal and distal dendrites. Under these conditions, activation of Eph recep-
tors decreased the density of dendritic spines specifically on the proximal dendrites (0.65 spines
per um + 0.18 versus 2.07 spines per pm + 0.42 in controls p = <0.001, +SD, Fig 4C) but not
on the distal dendrites (2.8 spines per um * 0.61 versus 2.93 spines per um * 0.88 in controls,

p =0.8093, (Fig 4C- see also Fig 5 column Ephrin A3 vs. CTL). Additionally, treatment of Pur-
kinje cells with ephrinA3-Fc made the spines on the distal dendrites appear more stubby,
although the decrease in length was not significant (0.83um +0.36 and 1.03um +0.35 in con-
trols, p = 0.4592) (Fig 4D, Fig 5 column Eprhin A3 vs. CTL)). These results indicate that Eph
activation in a culture model deprived of climbing fibres suppresses proximal dendritic spines
in Purkinje cells, similar to the effect of climbing fibres.

6. EphrinA3 inhibits integrin activity in proximal dendritic spines

We next investigated whether Eph activation causes a change in integrin signalling, assessed by
measuring the percentage of stained spines and the staining intensity of pFAK using quantita-
tive immunofluorescence. The application of ephrinA3 for one hour reduced the intensity of
pFAK in spines on the proximal dendrites (from 1.00 £0.68 to 0.55 +£0.38, intensity values nor-
malized to control conditions on the proximal dendrites, p = <0.001, +SD) but had no effect
on spines on the distal domain (from 0.67 +£0.5 in control conditions to 0.61 +0.31 after treat-
ment with ephrinA3-Fc, p = 0.2)(Fig 4A and 4B, Fig 5 column Ephrin A3 lower panels vs.
CTL). In addition to intensitye also measured the number of pFAK+ spines remaining after
ephrin treatment. In accordance with the proximal collapse induced by ephrinA3, we found
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A. Quantitation of the effects of the various interactions on the percentage of spines positive for pFAK. B

quantitation of effects on pFAK intensity. C quantitation of spine density. D quantitation of spine length. Treatment
with 500uM of Mn2+ for 1 hour (B1-6) increased pFAK but had no effect on spine density. Treatment with EphrinA3
(C1-6) decreased the density of proximal spines and of integrin signaling, whereas combined treatment of Mn2

+ and EphrinA3 (D1-6) restored both spine density and pFAK intensity to values closed to control. Finally,
treatment with RGD peptide (E1-6) decreased pFAK intensity and spine length without affecting spine density.

doi:10.

1371/journal.pone.0158558.g004

that the number of pFAK+ spines on the proximal domain was reduced by ephrin treatment
(23.38% £3.1 pFAK+ spines in control and 7.14% +4.5 after treatment, p = 0.015) but was not
affected on the distal dendrites (8.87% +2.3 and 6.35% +2.4 after treatment, p = 0.22) (Fig 4A,
Fig 5 column Ephrin A3 bottom vs. CTL). Thus, both the number of pFAK+ spines and the
intensity of pFAK staining in positive spines were reduced after ephrinA3 treatment.

7. Collapse of proximal spines by EphrinA3 is prevented by integrin
activation

Based on the results above, our hypothesis is that ephrinA3 acts on EphA4 receptors to inhibit
integrin signalling, which leads to the collapse of proximal but not distal dendritic spines. To
support this hypothesis, we asked whether forced activation of integrins would prevent collapse
of proximal spines by ephrinA3. Combined treatment with EphrinA3-Fc and Mn2+ did not
affect the density or the morphology of spines on the distal dendrites (p = 0.16), and the pres-
ence of ephrinA3 did not reduce the number or intensity of pFAK spines compared to Mn2

+ alone (26.2% +7.2 of pFAK+ spines for the combination and 31.5% +5.7 for Mn2+ alone on
the distal dendrites, p = 0.18), suggesting that ephrins had little effect on spines of the distal
dendrites (Fig 4A, 4B, 4C and 4D, Fig 5 column Mn2+ vs. EphrinA3/Mn2+). On the proximal
dendrites the effect of Mn2+ moderated that of the ephrin. Co-treatment with ephrinA3 and
Mn2+ increased the intensity of pFAK (p = <0.001), but the effects of Mn2+ on spine mor-
phology were prevented: spine density (p = 0.16) and spine length (p = 0.92) were unaffected
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compared to control (Fig 4A, 4B, 4C and 4D, Fig 5 column Mn2+ vs EphrinA3/Mn2+). The
data for these studies is present in the supporting information (S1 Table). Taken together,
these results indicate that ephrinA3 induces a collapse of proximal dendritic spines that can be
prevented by stimulating integrins. These results therefore strengthen the model of a regulation
of proximal spines by ephrin action through an effect on integrin signaling.

Discussion
Summary of findings

We found that integrins o3, a5 and 4 are present in many of the dendritic spines of cultured
Purkinje cells. pFAK, the main downstream signalling molecule from integrins, has a similar
distribution, although the intensity of pFAK staining and the percentage of pFAK+ spines was
consistently higher in the proximal dendrites. Activating integrins with Mg2+ led to an
increase in the intensity of pFAK staining and an increase in the proportion of pFAK+ spines
in both the proximal and distal dendrites, but no change in spine length, density or morphol-
ogy. Blocking integrin binding with an RGD-containing peptide led to a reduction in spine
length and more stubby spines on both proximal and distal dendrites. Treatment of the cul-
tures with ephrinA3-Fc chimera suppressed dendritic spines specifically on the proximal den-
drites and there was also a decrease of pFAK on this domain. This effect was blocked by
simultaneous activation of integrins with Mn2+. We conclude that Eph/ephrin signaling regu-
lates proximal dendritic spines in Purkinje cells by inactivating integrin downstream signaling.

Mn2+ EphrinA3 EphrinA3/Mn2+ RGD

Calbindin

Calbindin : Calbindin Calbindin

Fig 5. Changes in Purkinje cell dendrites imaged with calbindin and pFAK, with low power images of the dendritic tree and
high power pictures of the proximal and distal dendrites. The various treatments applied to the cells include Mn2+, RGD
peptide and ephrinA3. Quantitation of the spine morphology and pFAK is shown in Figs 2 and 4 and in Tables 1 and 2.

doi:10.1371/journal.pone.0158558.g005
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Eph/ephrin and integrin regulation of dendritic spines

Our work follows on from that of Cesa et al [3], in which it was shown that activation of the
Eph receptors in Purkinje cells was responsible for much of the effect of climbing fibres in the
suppression of spines on the proximal part of Purkinje cell dendrites. Our results support and
augment these findings by suggesting that the effect of ephrins, probably acting via EphA4, is
mediated by the inhibition of integrin signalling via pFAK. This is therefore a further example
in which integrins are involved in the regulation of structural synaptic plasticity. A link
between Eph/ephrin signalling and control of synapses via Bl integrin has been reported previ-
ously, with a similar regulation of dendritic spines by EphA4 and integrin B1 in hippocampal
neurons [25]. There are many instances of synaptic and spine regulation by integrins, for
instance via binding to ICAM-5, endostatin, SPARC, and the GluA2 AMPA receptor [29-31].
Integrin o3 and B3 in particular have a well-recognized role in synaptic stability and scaling
[19, 20, 32]. Integrin effects are involved in various forms of LTP and other synaptic events,
(reviewed in [16, 17, 19, 33]. Eph/ephrin interactions, both forward via Ephs and reverse via
ephrins have many effects on synapse formation and plasticity (reviewed in [34, 35]. The par-
ticular interest in this paper is signalling from ephrinA’s, probably via EphA4. Here, several
recent papers suggest that regulation of glutamate transporters and perisynaptic astrocytes are
a key mechanism [36-38]. Our cultures certainly contained large numbers of astrocytes, so a
mechanism of this type is credible for our findings. However, a direct effect on integrin signal-
ling, as demonstrated in hippocampal neurons [25] is particularly likely in view of our demon-
stration that ephrinA3 application to neuronal cultures has a rapid effect on integrin
activation.

Why is the action of EphA4 restricted to the proximal dendrites?

In our experiments, and also in those of Cesa et al [3], the effects of Eph/ephrin interventions
were restricted to the proximal dendrites. In the experiments of Cesa there were climbing fibres
present, able to define the proximal dendritic domain by their specific innervation of this
region. However in our experiments there were no climbing fibres, and the dendrites were not
morphologically differentiated into a spine-poor proximal and spine-rich distal zone. Despite
this, ephrinA3 had its effects, suppression of spines and reduction in pFAK specifically in the
proximal dendritic region. Cesa et al also found that one week after the removal of climbing
fibers, by which time the proximal dendrites had changed to a high synapse density, the actions
on dendrites were still specific to the proximal domain. From our experiments it is not clear
what the reasons for this might be. Purkinje cells express large amounts of EphA4, but this
appears to be evenly spread over the entire dendritic tree [4, 39]. Also the three integrins that
we stained for were evenly spread over the proximal and distal domains, and o3, a5 and oV
integrins in vivo are reported to be spread evenly over the Purkinje cell dendrites [26, 40].
However, there is a suggestion of the mechanism from the distribution of pFAK in our Pur-
kinje cells, which was consistently present in a higher proportion of spines and at a higher
staining intensity in the proximal compared to the distal domain. It is possible, therefore, that
some signalling event that impacts on integrin or FAK activation is concentrated in the proxi-
mal dendrites. Overall, the presence of domains within dendritic trees in which a particular
input or molecule has a specific presence is commonplace within the nervous system, while the
sort of continuous competition for synaptic space that occurs on Purkinje cells between climb-
ing fibres and parallel fibres is less common.

Overall, our data suggest a mechanism for the action of climbing fibres to change the spines
on the proximal dendrites of Purkinje cells from the many small spines typical of distal den-
drites to the few large spines that contact climbing fibres. An ephrin is released either by the
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climbing fibres or the perisynaptic astrocytes. This acts on EphA4 on the Purkinje cell den-
drites, which leads to a signalling process, restricted to the proximal dendrites, that inactivates
integrins or FAK in the spines, leading to spine retraction.

Supporting Information

S1 Table. The excel file in supporting information provides raw data from the experiment
examining the single and combined effects on ephrin A3, Mn2+ and RGD peptide which is
illustrated in Fig 4. The data shows the size of dendritic spines in pixel numbers, followed by
analysis of shape.

(XLSX)
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