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Nogo-A Controls Structural Plasticity at Dendritic Spines by Rapidly
Modulating Actin Dynamics

Yves Kellner,' Steffen Fricke,' Stella Kramer,*? Cristina Iobbi,' Corette J. Wierenga,4
Martin E. Schwab,*” Martin Korte,"” and Marta Zagrebelsky'*

ABSTRACT:  Nogo-A and its receptors have been shown to control
synaptic plasticity, including negatively regulating long-term potentia-
tion (LTP) in the cortex and hippocampus at a fast time scale and
restraining experience-dependent turnover of dendritic spines over
days. However, the molecular mechanisms and the precise time course
mediating these actions of Nogo-A are largely unexplored. Here we
show that Nogo-A signaling in the adult nervous system rapidly modu-
lates the spine actin cytoskeleton within minutes to control structural
plasticity at dendritic spines of CA3 pyramidal neurons. Indeed, acute
Nogo-A loss-of-function transiently increases F-actin stability and results
in an increase in dendritic spine density and length. In addition, Nogo-
A acutely restricts AMPAR insertion and mEPSC amplitude at hippocam-
pal synaptic sites. These data indicate a crucial function of Nogo-A in
modulating the very tight balance between plasticity and stability of the
neuronal circuitry underlying learning processes and the ability to store
long-term information in the mature CNS. © 2016 Wiley Periodicals, Inc.

KEY WORDS: actin cytoskeleton; AMPA receptor insertion; FRAP;
neurite-growth inhibitors; structural plasticity

INTRODUCTION

Changes in synaptic connectivity involving growth and retraction of
dendritic spines and axonal boutons—structural plasticitcy—have been
correlated to functional changes at synapses (Yuste and Bonhoeffer,
2001) and are thought to underlie learning and memory processes (Car-
oni et al., 2012). Yet, long-term in vivo imaging performed after the
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end of the critical period in several sensory systems
reveals that the overall morphology of axons and den-
drites, including subpopulations of synaptic structures
is remarkably stable (Holtmaat and Svoboda, 2009).
These observations suggest the need for a set of mole-
cules regulating the balance between stability and plas-
ticity of mature neuronal networks, ensuring the
spatial and temporal specificity of plastic changes and
preventing interference between different memory
events (Bavelier et al., 2010).

The membrane protein Nogo-A, originally identified as
a myelin-associated neurite growth inhibitor is known for
its role in limiting axonal regeneration and compensatory
fiber growth and in preventing functional recovery after
injury in the adult central nervous system (CNS) (for a
review see Schwab, 2010). More recently, Nogo-A and its
receptors, the Nogo-66 receptor 1 (NgR1) (Fournier et al.,
2001), the sphingosine 1-phosphate receptor 2 (S1PR2)
(Kempf et al., 2014) and the Paired-immunoglobulin-like
receptor B (PirB) (Atwal et al., 2008) have been shown to
be expressed pre- and post-synaptically in brain areas typi-
cally characterized by high plasticity levels, e.g. cerebral
cortex and hippocampus (Liu et al., 2003; Lee et al,
2008; Kempf et al., 2014). Important physiological func-
tions of Nogo-A signaling have been identified in restrict-
ing the dendritic and axonal architecture of mature
hippocampal pyramidal neurons (Zagrebelsky et al., 2010;
Petrinovic et al., 2013) and in negatively regulating
activity-dependent synaptic plasticity by specifically limit-
ing the height of LTP in the adult intact hippocampus and
motor cortex (Lee et al., 2008; Delekate et al., 2011; Mir-
onova and Giger, 2013; Kempf et al., 2014; Zemmar
et al., 2014). Moreover, mutations of Nogo-A, NgR1, and
PirB has been shown to limit experience-driven plasticity
at the end of the critical period in the visual cortex
(McGee et al., 2005; Syken et al., 2006). While recent
work indicates that NgR1 limits ocular dominance and
tactile task performance independent of basal anatomical
plasticity (Park et al., 2014; Frantz et al, 2015) in
some studies, NgR1 and PirB have been shown to modu-
late experience-dependent turnover of dendritic spines
and axonal varicosities in the somatosensory and visual
cortex (Akbik et al., 2013; Djurisic et al., 2013) over days
or weeks leaving this question still open. Whether Nogo-A
acutely regulates structural plasticity in the hippocampus,
at a tme scale comparable to its effects on activity-
dependent functional synaptic plasticity remains so far



unknown. We show here that Nogo-A signaling acutely controls
actin cytoskeleton dynamics to restrict structural plasticity at
individual dendritic spines of CA3 hippocampal pyramidal neurons
on a fast time scale (minutes). In parallel, we observe that Nogo-A
acutely restriccs AMPAR insertion both under basal conditions
and upon LTP induction providing a possible mechanism for
its ability to negatively regulate excitatory synaptic transmission in
CA3 pyramidal neurons. These results identify Nogo-A as an impor-
tant molecular modulator of activity-dependent functional and
structural plasticity at hippocampal synapses in the mature intact

CNS.

MATERIAL AND METHODS

Neuronal Cultures

Preparation of hippocampal organotypic
slice cultures

Hippocampal organotypic cultures were prepared from post-
natal day 5 (P5) C57Bl/6 mice of either sex as previously
described (Stoppini et al., 1991; Michaelsen-Preusse et al.,
2014). All procedures concerning animals were approved by
the animal welfare representative of the TU Braunschweig and
the LAVES (Oldenburg, Germany, Az. §4 (02.05) TSchB TU
BS). After decapitation the hippocampi were dissected in ice-
cold sterile Gey’s balanced salt solution (GBSS) and sliced
transversally at a thickness of 400 pm. The slices were placed
on Millicells CM membrane inserts (Millipore) and cultivated
in a 37°C, 5% CO,, 99% humidity environment in a medium
containing 50% BME (Eagle, with Hanks salts without gluta-
mine), 25% Hank’s Buffered Salt Solution (HBSS), 1% glu-
cose, 25% equine (HyClone), and 0.5%
L-glutamine. A mixture of antimitotic drugs (cytosine arabino-
side, uridine, and fluorodeoxyuridine; 10°¢ to 107 M each)
was applied for 24 h 3 days after preparation.

donor serum

Preparation of primary hippocampal cultures

Primary hippocampal cultures were prepared from Wistar rats
or C57Bl/6 mice at embryonic day 18. Embryos were decapi-
tated and the brains were kept in ice-cold phosphate buffer saline
(PBS) containing 14 mM glucose and adjusted to pH 7.2. The
dissected hippocampi were incubated for 10 min in trypsin/
EDTA at 37°C and then mechanically dissociated. Cells were
plated at a density of 10°/well on poly-1-lysine-coated coverslips
(12 mm) and kept in Neurobasal medium (Invitrogen) supple-
mented with 2% B27 (Invitrogen), 1% Gentamycin (Gibco),
and 1% Glutamax at 37°C, 5% CO,, and 99% humidity.

Acute Hippocampal Slices

Acute hippocampal slices were prepared from 8 weeks old
C57BL/6 mice. The mice were euthanized with CO,, decapitated
and the brain was dissected and incubated for 3 min into 4°C car-
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bogenated (95% O,, 5% CO,) high magnesium (Mg2+) artificial
cerebrospinal fluid (ACSF) containing 125 mM NaCl, 2.5 mM
KCl, 1.25 mM NaH,POy, 2 mM MgCl,, 26 mM NaHCO;,
2 mM CaCl,, and 25 mM glucose. Both hippocampi were dis-
sected and 400 pum thick transversal slices were cut with a vibra-
tome (VT 1000S, Leica, Nussloch, Germany). The slices were
maintained at room temperature for at least 90 min in a sub-
merged storage chamber with carbogenated high Mg2+ ACSF
before being used.

Transfection
Particle-mediated gene transfer

Individual neurons were biolistically transfected with an expres-
sion plasmid for a farnesylated form of eGFD, specifically targeted
to the membrane, driven by the cytomegalovirus (CMV) pro-
moter (eGFP-F; Clontech). Purified plasmids were precipitated
onto 0.6 pm gold microcarrier particles according to the Helios
Gene Gun (Bio-Rad) instruction manual. Hippocampal slice cul-
tures were transfected after 14 to 16 days in vitro (DIV) using the
Helios Gene Gun System (Bio-Rad). The gold beads coated with
expression plasmids were shot with a pressure of 80 to 100 psi and
a filter, with a pore size of 3 m was used to prevent clusters from
reaching the slices. The organotypic cultures were used for time-
lapse imaging 5 to 7 days after transfection.

Single cell electroporation

CA3 pyramidal cells in 20 to 22 DIV hippocampal slice cul-
tures were electroporated using the Axoporator 800A (Axon
Instruments/Molecular Devices Corp.) under an upright fluores-
cence microscope (Zeiss examiner) equipped with a differendal
interference contrast (DIC) video camera as previously described
(Michaelsen-Preusse et al., 2014). A total DNA concentration of
150 ng/pL was used for eGFP-f-actin (eGFP-actin) and for the
co-electroporation equal amounts of eGFP-actin and mCherry-F
(Clontech). The slices were kept in sterile HBSS and electropo-
rated with one train of 5V, 200 Hz, 100 ms, square pulses of 1
ms. The tip resistance of the electrode (GC150F-10, O.D.
1.5 mm X LD. 0.86 mm, Harvard Apparatus (Kent): tip diam-
eter 1-2 pm) was 5 to 10 MQ at a pressure of 10 to 20 mbar
controlled by a pressure gauge (GDH200, Greisinger). The slices
were used for Fluorescence recovery after photobleaching
(FRAP) measurements 24 to 48 h later. Completely labeled,
non-overlapping CA3 pyramidal neurons without any sign of
degeneration were selected for imaging.

Transfection of primary hippocampal neurons

Rat primary hippocampal neurons were transfected at 10
DIV with Lipofectamine 2000 with a construct expressing
superecliptic pHluorin tagged AMPA-receptor subunit GluR1
(Addgene, plasmid #24000; Kopec et al., 2006) according to
manufacturer’s protocol. Mouse primary hippocampal neurons
were co-transfected with a plasmid driving the expression of
mApple to label the neurons and with a plasmid driving the
expression of eGFP tagged Nogo-A by a truncated CMV
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promoter. After 50 min incubation the transfection medium
was exchanged for the original Neurobasal medium. The cells
were used 24 to 48 h after transfection.

Antibody and Chemical Blocker Treatment

The loss-of-function for the Nogo-A signaling was obtained
using: (1) a monoclonal Nogo-A specific, function blocking anti-
body, against an 18-aa peptide in the most active region of
Nogo-A (mouse IgG1, 11C7; Oertle et al., 2003; Liebscher
et al., 2005; Maier et al., 2009; gift from Novartis Pharma AG,
Basel, Switzerland to Martin Schwab); (2) a function-blocking
antibody against the Nogo receptor NgR (goat anti-Nogo recep-
tor affinity-purified goat IgG; R&D Systems); (3) a specific
blocker for the sphingosine-1-phosphate receptor 2 (S1PR2;
JTE-013; Tocris, 5 pM in DMSQO); (4) a selective inhibitor of
the Rho-associated protein kinase p160ROCK (Y27632 dihydro-
chloride, Tocris, 100 pM in H,O); (5) the specific actin stabiliz-
ing agent Jasplakinolide (Tocris, 0.2 uM in DMSO). A mouse
IgG1 antibody against Bromodeoxyuridine (anti-BrdU) was used
as control for the Nogo-A and NgR blocking antibodies. All
antibody solutions were freshly diluted to a final concentration
of 5 pg/mL in imaging ACSF containing BSA (0.01%). For
inhibitors solved in DMSO or H,O, an equal amount of sol-
vent was used as control. The gain-of-function for Nogo-A was
obtained via the application of the Nogo-A active peptide NiG-
A20 (300 nM; Oertle et al., 2003). Siliconized tubing were used
and prewashed with ACSF containing BSA (0.01%) to prevent
sticking of the antibodies (Chen et al., 1999). The perfusion
rate in the imaging chamber was kept constant at 1 ml/min.
The different control conditions (BSA, mouse IgG1 anti-BrdU
antibody, DMSO, and H,O) did not show any significant dif-
ferences, for spine density and morphology, as well as in the
FRAP experiments. Thus, cells treated with BSA and mouse
IgG1 anti-BrdU antibody were pooled for the analysis of dendri-
tic spine turnover and size (Figs. 1 and 2).

Penetration of Monoclonal Anti-Nogo-A Abs
Into Organotypic Slice Cultures

DIV 21 organotypic hippocampal cultures were incubated in
mouse anti-Nogo-A Ab 11C7 or a mouse IgG1 control antibody
against Bromodeoxyuridine (anti-BrdU) diluted at 5 pg/mL for
either 20 min or 3 h and then fixed in phosphate-buffered 4% Para-
formaldehyde. After washing, the slices were incubated overnight at
4°C with a Cy3-conjugated goat anti-mouse IgG Fcy subclass 1-
specific Ab (1:200; Jackson ImmunoResearch). After washing, the
slices were incubated in DAPI solution to counterstain the nuclei.
The distribution of the anti-Nogo-A mouse IgGs within the tissue
was imaged with an Olympus, BX61W1I FluoView 1000 laser scan-
ning confocal microscope (Supporting Information Fig. S1).

Imaging
Time-lapse imaging

The organotypic slice cultures were transferred to an open
imaging chamber at 32°C and continuously perfused (1 mL/min)
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with ACSF (in mM: 124 NaCl, 4.9 KCl, 25.6 NaHCO3, 2
MgCl,*6H,0, 2 CaCl,*2H,0, 1.2 KH,POy, 10 p-glucose; pH
7.4; saturated with carbogen) and let adapt for 30 min before
imaging. Confocal image stacks of second-order mid-apical den-
dritic branches of eGFP-F expressing CA3 cells were acquired
before and after treatment at intervals of 20 or 60 min up to 3 h
using laser scanning confocal microscope (Olympus, BX61WI
FluoView 1000). A 60X water objective (NA1.0) and a z-step size
of 0.35 um were used. The image size was 1,024 X 256 pixels for
a final pixel size of 47 nm. To capture rapid dynamic events upon
Nogo-A-A20 peptide application, stacks of 20 to 25 optical sec-
tions (512 X 128 pixel, final pixel size 71 nm) were collected every
minute for 20 min. Two images were taken before application of
the peptide for baseline measurement.

Fluorescence Recovery After Photobleaching
(FRAP)

Only spines with an obvious head clearly separated from the
dendrite and of equal size were used. The slices were kept at
32°C in an open imaging chamber with a continuous perfusion
of ACSF (as above) for 30 min before starting the experiment.
A confocal laser scanning microscope (Olympus, BX61WI Fluo-
View 1000, FV1000) was used to excite eGFP-fl-actin with a
laser power adjusted to 1 to 2%; 5 to 8 pW. A 60X water
immersion objective (NA 1.0) was used with a scan speed set to
8 us per pixel and a line averaging of two for a final pixel size
of 76 nm. The photobleaching of a single spine was performed
using the SIM scanner unit Olympus FV5-LDPSU at an excita-
tion wavelength of 405 nm and a power of 28 to 32% (2.3 to
3 mW) for 28 to 30 ms. The pinhole was set to 400 pum. Five
images were taken at 2 s intervals before and for 55 s after
bleaching. Neighboring spines were monitored to ensure that
only the spine of interest was bleached and to evaluate the stabil-
ity of fluorescence. Imaging of the spine morphology was done
with mCherry-F with a scanning speed of 12.5 ps, a line averag-
ing of 2 and a final pixel size of 60 nm. Steps of 0.35 um in z
were used (maximum 15 to 20 z-planes). When combining
FRAP and imaging of the morphology, the FRAP was per-
formed first and then the spine morphology imaging for the
selected dendrite at 20 and 180 min after treatment.

AMPAR insertion during glycine-induced chemical
LTP (cLTP)

Hippocampal primary cultures were treated with Nogo-A
blocking or control antibody (anti-BrdU) either acutely added to
the medium or for 30 min before cLTP induction. Cells were
transferred to a Ludin chamber (Life Imaging Services), and per-
fused with HEPES-buffered ACSF containing the antibodies
preheated to 37°C for 30 min before the experiment. Cells were
imaged every 5 min using a Leica TCS SP5 confocal inverted
microscope (Leica Microsystems). Surface expression was visual-
ized using the 488 nm laser line, with a 63X objective (oil
immersion, NA 1.4) to a final pixel size of 50 nm using an
8,000 Hz Resonant scanner and HyD detectors (Leica Hybrid
detectors). The cells were perfused with 4-(2-hydroxyethyl)-1-
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FIGURE 1.  Nogo-A signaling acutely restricts dendritic spine  controls (BSA-BrdU Ab and DMSO), Nogo-A Ab, NgR Ab, and

turnover in CA3 pyramidal neurons. (A) Repeated confocal imag-
ing of 3 weeks old eGFP-F expressing CA3 pyramidal neurons
reveals a high degree of stability in dendritic spine number during
control antibody treatment and an increase in the number of
gained spines (green arrows) upon Nogo-A neutralization (A’) over
3 h (3 h). Scale bar 5 pm. (B) Average number of spines lost or
gained over 3 h imaging per 100 im of dendritic length for con-
trols (BSA-BrdU and DMSO), Nogo-A Ab, NgR Ab, and JTE-013
treatment. (C) Change (A) in dendritic spine density relative to
the first time point (0 h) shown as percent of the 0 h value for

piperazineethanesulfonic acid- (HEPES-) buffered ACSF (in
mM: NaCl, 140; CaCl,, 1.3; KCI, 5.0; HEPES, 25; glucose,
33; strychnine, 0.001; and bicuculline methiodide, 0.02, pH
7.4; Lu et al., 2001), and 0.01% BSA. For a pH 6.0—ACSE
HEPES was substituted with 25 mM 2-(N-morpholino)ethane-
sulfonic acid (MES) and buffered to pH 6.0. After 30 min
adaptation three baseline images were taken at 5 min intervals
followed by a 3 min wash in of a cLTP-inducting solution
(HEPES-buffered ACSF with glycine; 200 pM).

Patch Clamp

Somatic whole-cell recording was performed on visually identi-
fied pyramidal neurons in the CA3 area in 16 to 21 DIV organo-

JTE-013 treatment. The black asterisks indicate the significance
between control and Nogo-A Ab, while the green and the blue
asterisks indicate the significance between Nogo-A Ab and JTE-
013 and NgR Ab respectively. (D) Time course of the average
number of spines lost or gained over each hour of imaging per
100 pm of dendritic length for controls (BSA-BrdU Ab and
DMSO), Nogo-A Ab, NgR Ab and JTE-013 treatment. Data are
presented as mean = SEM. *P < 0.05, **P < 0.01; **P < 0.001.
[Color figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

typic hippocampal cultures. The slices were transferred to an open
imaging chamber at 35°C and were continuously perfused (1 ml/
min) with ACSF (containing in mM 126 NaCl, 3 KCI, 26
NaHCO3, 1.25 NaH,POy, 1.3 MgCL*6H,0, 2.5 CaCl,*2H,0,
20 p-glucose*H,0; pH 7.4) saturated with carbogen and supple-
mented with 1 pM tetrodotoxin, 10 uM bicuculline, 50 uM AP5
and in control experiments also with 20 pM CNQX. The control
antibody (anti-BrdU) or the Nogo-A function blocking antibody
(11C7) were diluted in ACSF containing 0.01% BSA at a concen-
tration of 5 pg/mL. The slices were let adapt for 30 min before
starting recording. Glass pipette electrodes (resistance: 4.5-5.0
MQ) were pulled with a PC-10 vertical micropipette puller (Nar-
ishige) from borosilicate capillaries. The pipette internal solution
contained (in mM) 140 K-gluconate, 1 KCI, 10 HEPES, 0.5

Hippocampus
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FIGURE 2. Nogo-A signaling acutely regulates dendritic spine
architecture in CA3 pyramidal neurons. (A) Repeated confocal
imaging of eGFP-F expressing CA3 pyramidal neurons reveals a
high degree of stability of dendritic spine architecture upon con-
trol antibody treatment and a net elongation of dendritic spines
(yellow arrows) upon 3 h Nogo-A neutralization (A’). Scale bars 5
pum. Green arrows indicate stable spines, red arrows indicate spines
becoming shorter and yellow arrows indicate spines becoming lon-
ger. The inserts show two examples of elongating spines upon a
3 h Nogo-A Ab treatment. Scale bar 1 pim. (B) Scatter plot show-
ing the change in length of single spines upon a 3 h control
(gray) or Nogo-A blocking antibody (red) treatment. The gray
shaded area shows the spines changing less than 250 nm in posi-
tive and negative. These are defined as not changing spines. (B’)

EGTA, 4 MgATP, 0.4 Na,GTR 4 phosphocreatine (pH 7.3). Tar-
geted patching was performed under an Olympus BX61W1
microscope using a 60X water-immersion objective (LUMPlanFL
NA 1.00). To record miniature excitatory postsynaptic currents
cells were voltage-clamped at —60 mV and mEPSCs recorded
every 5 min for 3 min intervals up to 30 min after antibody appli-

cation. Baseline mEPSC amplitude and frequency were
23.5* 1.34 pA and 0.46 = 0.06 Hz for control conditions and

Hippocampus

Graph showing the binning of dendritic spines according to their
absolute length change (in pm) for control (BSA-BrdU Ab) and
Nogo-A Ab treatments. Spines changing less than 250 nm in posi-
tive and negative are defined as not changing spines. Shortening
(change —) and elongating (change +) spines are defined as the
decrease or increase of more than 250 nm respectively. (C) Average
spine length change (A) shown as percent of the initial value (0 h)
for controls (BSA-BrdU Ab and DMSO), Nogo-A Ab, NgR Ab,
and JTE-013 treatment. (D) Absolute dendritic spine length before
and 3 h after treatment application for control (BSA-BrdU Ab)
and Nogo-A Ab. Data are presented as mean = SEM. *P < 0.05;
***P < 0.001. [Color figure can be viewed in the online issue,
which is available at wileyonlinelibrary.com.]

21.69 £ 1.11 pA and 0.37 = 0.08 Hz for Nogo-A neutralization.
Input resistance (R;,) and series resistance (R,) were monitored
over the recordings and only stable cells (<20% change in R, and
R) with R, > 100 MQ and R, <30 MQ were included in the
analysis. Signals were amplified using a Multiclamp 700B ampli-
fier (Molecular Devices) and digitized with a Digidata 1440A dig-
itizer (Molecular Devices). Data analysis was performed with the
pClamp 10 software (Molecular Devices). The data are presented
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as mean = standard error of the mean (SEM). Statistical analysis
was performed with Graph Pad Prism 5 using an ANOVA with
Bonferroni post hoc test for multiple comparisons. Number of
analyzed cells and frequency and amplitude values are reported in
Supporting Information Table S4. Values of P < 0.05 were con-
sidered significant and plotted as follows *P < 0.05.

Western Blot Analysis and Quantification
of Cofilin Phosphorylation

Six to eight acute hippocampal slices were pooled in different
groups and treated by bath application for 1 h with the following
antibodies: a mouse polyclonal Nogo Receptor, NgR antibody,
Cat. # AF1440, R&D Systems; a Nogo-A specific blocking anti-
body, antibody 11C7 mlgGl; a control antibody, anti BrdU
mlgG1. The treated slices were homogenized in 1% Chaps based
lysis buffer (30 mM Tris-Cl at pH 7.5, 150 mM NaCl, 1%
Chaps) containing Protease Inhibitor (Complete protease inhibitor
cocktail tablets, Roche) and Phosphatase Inhibitor (PhosSTOP
phosphatase inhibitor cocktail tablets, Roche), and the debris were
pelleted by centrifugation (15,000Xg for 15 min at 4°C). Protein
concentration was measured via Bradford assay and 100 pg of pro-
teins per lane were loaded, separated onto 4 to 12% NuPAGE
Bis-Tris Mini Gels (Invitrogen), and transferred onto a PVDF
membrane by using a semi-dry blot. The membrane was blocked
with 5% BSA in TBS-Tween for 1 h at RT and incubated at 4°C
ON with the following primary antibodies diluted in 3% BSA in
TBS-Tween: anti-Cofilin (1:10,000, ab11062, Abcam), anti-
phospho-Cofilin (1:500, ab12866, Abcam), and anti-o-Tubulin,
(1:10.000, #9026, Sigma-Aldrich). The membrane was washed in
tris-buffered saline/Tween and incubated for 1 h at RT with the
respective HRP conjugated secondary antibodies (Sigma-Aldrich).
Immunoreactivity was detected by chemoluminescence (Luminata
Crescendo Western HRP substrate, Millipore). After detection of
p-Cofilin the blot was stripped and reprobed for total Cofilin. For
quantification each sample was run independently at least two
times. The relative optical density of the immunoreactive bands
was analyzed with Image] software and o-Tubulin was used as
loading control. The control treatment was set to 1, and the ratio
phospho-protein to total protein was normalized to the control.
The statistical analysis was performed by using GraphPad Prism
with a one-way Anova and Bonferroni’s post hoc test for multiple
comparisons. All data are shown as mean = SEM. Values of P <
0.05 were considered significant and plotted as follows *P < 0.05.

Data Analysis

Analysis of dendritic spine density
and morphology

Images were deconvolved using AutoQuantX2 (Media cyber-
netics, Inc.) and analyzed with Image] (US National Institutes of
Health). The analysis was done blind to the treatment. Dendritic
spines were classified as dendrite protrusions of at least 0.5 pum
and no longer than 3 pm. Spine density over consecutive time
points was measured in three dimensions by determining the
number of spines per unit of length (um) using the segmented
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line and the multipoint selection tools to measure dendritic length
and count spine number, respectively. Spine density change
between time points is shown as change in % relative to the spine
density at the first time point. Gained and lost spines are shown in
percent and are defined as the number of gained or lost spines per
100 pum of dendrite either per time point or as a total over the 3 h
imaging. Morphometric analysis of dendritic spines was done in
three dimensions using the segmented line tool of Image] to mea-
sure spine length (from the base at the dendrite to its tip) and
head width (measured at its maximum). Positive and negative
spine length changes are shown as % indexed to the respective ini-
tial values. Taking into account the resolution limit of 234 nm of
the used imaging system, the analysis of dendritic spine morphol-
ogy was performed on spines whose length and head width
changed more than 250 nm during the 3 h of imaging. For the
analysis of the role of the NiG-A20 peptide on dendritic spine
length and head width the data at the different time points are
shown as average values normalized to the time point before pep-
tide application.

Statistical analysis of changes in spine density, spine length, and
head width was performed per cell using a repeated measures anal-
ysis of variance (ANOVA) followed by a Bonferroni post hoc test
for muldple comparisons. Number of analyzed spines, cells and
slice cultures are reported in Supporting Information Tables S1
and S2. Two-way comparisons were made by two-tailed paired
Student’s #test. All data are shown as mean = standard error of
the mean (SEM).

Analysis of the FRAP experiments

Images were analyzed using the Olympus software FV1000, by
drawing regions of interest (ROI) around the bleached spine as pre-
viously described (Star et al., 2002; Michaelsen-Preusse et al.,
2014). For the background and bleaching correction four ROls
were placed next to the bleached spine and on the underlying den-
drite, respectively. The average relative intensity of the ROIs was cal-
culated, the mean background fluorescence was subtracted and a
double normalization was performed (Phair et al., 2004). The back-
ground corrected mean intensity values for each time were plotted
against time. The fluorescent intensity of each time point was nor-
malized to the average value derived from five pre-bleaching images
(relative fluorescence). Nonlinear curve fitting was performed in
GraphPad Prism where the net recovery after photobleaching is pro-
vided by the following equation: Y= ¥+ (Plateau — ¥;) X
(1 —exp(— K X x)) where ¥ is the Y value directly after the
bleaching impulse. The Plateau is the Y value at infinite times,
expressed as a fraction of the fluorescence before bleaching and was
used to determine the dynamic actin pool. The stable actin pool is
the fraction of fluorescence which does not recover within the imag-
ing period and is calculated as 1-(F-actin dynamic), K is the rate
constant, Tau is the time constant, expressed in seconds, computed
as the reciprocal of K. From this equation, the actin turn-over time
was calculated as the time at which 50% recovery of pre-bleaching
fluorescence levels was reached. No significant differences could be
seen in the mean spine head width of spines selected for the FRAP
upon the different treatments. The statistical analysis and nonlinear
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curve fitting of the fluorescence intensity were done per spine using
GraphPad Prism 5 by a two-way repeated analysis of variance
(ANOVA) inter-subject test followed by a two-tailed Students #
test. Number of spines, cells, and slice cultures used are reported in
Supporting Information Table S3. For the actin fractions and the
turnover time an unpaired two-tailed Student’s #test was used. Val-
ues of P < 0.05 were considered significant and plotted as follows
*P < 0.05 **P < 0.01; *P < 0.001. All data are indicated as
mean = standard error of the mean (SEM).

Analysis of AMPAR insertion during glycine-
induced cLTP

Three-dimensional image stacks were projected to two-
dimensional images using maximal intensity and the resulting
time-lapse stacks were aligned with the Stackreg tool of Image],
projected over time and duplicated. One copy was blurred
(Gaussian blur 20) and subtracted from the other, smoothed
image. After application of a fix threshold to all time points,
ROIs were defined for synapses in the resulting image. The inte-
grated intensity of the SEP-GIuR1 signal on every spine was
measured over time to calculate spine AF/Fy7;. The fraction of
synapses at which the fluorescence intensity increased by at least
100% 30 min after Nogo-A Ab application with or without
cLTP was counted using Image]. Statistical significance was
tested using repeated measures ANOVA. P values below 0.05
were considered significant. Number of analyzed cells and AF/
FyT, values are reported in Supporting Information Table S4.

RESULTS

Blocking Nogo-A Signaling Acutely Affects
Dendritic Spine Turnover

To assess the contribution of Nogo-A signaling in regulating
dendritic spine turnover confocal laser scanning microscopy
was combined with a series of specific loss-of-function
approaches in three-week-old organotypic hippocampal slice
cultures. Repeated imaging of eGFP-F expressing mid-apical
CA3 dendrites over 3 h under control conditions revealed a
stable dendritic spine number (Fig. 1A). While both spine
losses and gains were observed (Fig. 1B) no obvious changes in
dendritic spine density over time could be detected (Fig. 1C,
Supporting Information Table S1). Application of Nogo-A
function blocking antibodies (Nogo-A Ab) resulted in an
increase in the formation of new spines already apparent 1 h
after treatment (Fig. 1A', green arrows) without increasing
spine loss. Indeed, while the number of gained dendritic spines
per 100 um of dendrite was significantly increased (P < 0.05)
when compared with the control, the number of lost spines
was only slightly higher (Fig. 1B) resulting in a gradual, signifi-
cant increase in dendritic spine density relative to the time
point before treatment (1-3 h p < 0.001; Fig. 1C). The
increase in gained spines was significant 1 and 2 h (P < 0.05)
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but not at 3 h after Nogo-A Ab treatment (Fig. 1D, Support-
ing Information Table S1) suggesting a fast and transitory
effect of the Nogo-A loss-of-function.

The actions of Nogo-A are due to the signaling of two
inhibitory extracellular domains: Nogo-66 signaling via the
Nogo-66 receptor 1 (NgR1) (Fournier et al., 2001) and Nogo-
A-A20 signaling via the Sphingosine 1-phosphate receptor 2
(S1PR2) (Kempf et al., 2014). Blocking the function of either
Nogo-A receptor alone resulted in a progressive increase in
dendritic spine density which became significantly higher than
the controls after 2 h (2 h and 3 h p < 0.001; Fig. 1C, Sup-
porting Information Table S1). The increase in spine density
was due to a significant increase in new spine formation (P <
0.05) without significant changes in dendritic spine loss (Figs.
1B, D; Supporting Information Table S1). However, this
increase remained significantly lower than upon Nogo-A Ab
treatment (2 h P < 0.01 NgR Ab, JTE-013; 3 h P < 0.01
JTE-013; Fig. 1C). These observations point to the combined
action of the two Nogo-A receptors, NgR1 and SIPR2 in reg-
ulating spine turnover on a fast time scale in mature hippo-
campal neurons.

Nogo-A Blocking Antibody Penetration
Nogo-A Ab penetration to a depth of 60 to 100 pm into

acute hippocampal slices was previously confirmed immunohis-
tochemically (Zemmar et al., 2014). However, to show that
during the application time the Nogo-A Ab indeed penetrated
the organotypic slice cultures to a depth at which the eGFP-F
positive cells were located (around 30 pm), at the end of the
incubation time treated slice cultures were immunohistochemi-
cally processed to stain mouse IgGls. Already 20 min after
Nogo-A Ab application a signal was detected in several somas
(Supporting Information Figs. SIA, A’, A”’; arrows) and along
the main apical and basal dendrites (Supporting Information
Figs. SIA, A” arrowheads) of CA3 pyramidal neurons at a
depth at which some eGFP-F expressing cells are located (Sup-
porting Information Figs. SIA-A”, yellow arrow). After 3 h of
treatment many labeled neurons were observed within the stra-
tum  pyramidale (Supporting Information Figs. S1B, B’, sp)
with many labeled dendrites within the stratum radiatum (Sup-
porting Information Figs. S1B, B”, sr) of the CA3 region of
slices treated with Nogo-A, but not with control antibodies
(Supporting Information Fig. S1D). Indeed, labeled Nogo-A
Ab could be detected both within the soma (Supporting Infor-
mation Fig. S1C, red arrows) and along the main apical den-
drites (Supporting Information Fig. S1C, red arrowheads) of
CA3 pyramidal neurons. To further analyze the subcellular dis-
tribution of Nogo-A and confirm its localization within dendri-
tic spines, primary hippocampal neurons were transfected to
co-express mApple to visualize the neuronal architecture and
low levels of eGFP tagged Nogo-A driven by a truncated CMV
promoter. Nogo-A-eGFP was clearly localized within both the
proximal and the distal dendrites (Supporting Information Fig.
S2A, open arrowheads) as well as within the axon (Supporting
Information Fig. S2A, filled arrowheads). Nogo-A and its



receptor, NgR1 were previously shown to be located both pre-
and post-synaptically in the hippocampus (Lee et al., 2008).
Indeed, we could observe Nogo-A-eGFP expression in most
dendritic spines (Supporting Information Fig. S2A’ insert,
arrows) of mApple labeled hippocampal neurons.

Nogo-A Signaling Modulates Dendritic Spine
Architecture at a Fast Time Scale

To assess whether Nogo-A signaling is involved in regulating
structural plasticity at dendritic spines we first analyzed dendri-
tic spine length. At a qualitative level under control conditions,
while most dendritic spines were stable over time (Fig. 2A,
green arrows) a few spines showed either a reduction (red
arrows) or an increase in length (yellow arrows). In contrast,
upon 3 h Nogo-A neutralization more spines changed over
time. Of the changing spines, fewer became shorter (Fig. 2A°
red arrows, 2B) and more became longer (Fig. 2A” and inserts
yellow arrows, 2B). Next, the changes in length of individual
spines along the dendrites were quantified both for control and
Nogo-A-Ab treated slice cultures. Under both conditions the
majority of spines underwent a change in length below
250 nm and was therefore classified as not changing (Figs. 2B,
B’). However, while in control treated cells length changes
greater than 250 nm could be observed in 36.46 * 3.78% of
spines, upon Nogo-A Ab treatment the percentage of changing
spines was significantly higher (47.34 = 2.74%; p < 0.05; Figs.
2B, B’). Moreover, in comparison with the control upon
Nogo-A Ab application significantly more of the changing den-
dritic spines elongated (Fig. 2B’; P < 0.001) while significantly
less shortened relative to their initial length (Fig. 2B’
P<0.001). While spines of control treated cells showed on
average a decrease in length of about 10% over the 3 h of
imaging, in Nogo-A Ab treated cells spine length significantly
increased on average of about 25% of the initial value (Fig.
2C; P < 0.001) resulting in a net increase in absolute dendritic
spine length upon 3 h Nogo-A neutralization (Fig. 2D; P <
0.001) but not under control conditions. Dendritic spine elon-
gation was already significantly higher than in controls after
100 min of treatment with Nogo-A Ab (Supporting Informa-
tion Fig. S3A; P < 0.01). In control cells longer spines (>1
pum initial length) were usually shortening and shorter spines
(<1 pm inital length) showed only slight elongation over time
(Supporting Information Fig. S3B and Supporting Information
Table S2). Upon Nogo-A neutralization when compared with
controls, longer spines became significantly shorter and a sig-
nificantly higher increase in length was observed for initially
shorter spines (Supporting Information Fig. S3B; P < 0.001
and 0.01) indicating that Nogo-A neutralization equally affects
both longer and shorter spines.

To address the role of the NgR1 and SIPR2 receptors in
mediating this effect of Nogo-A, dendritic spine length changes
were assessed in CA3 pyramidal neurons treated with a loss-of-
function approach for either one of the two receptors. Blocking
the function of either NgR1 or SIPR2 resulted in a significant
dendritic spine elongation relative to the respective controls
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(Fig. 2C; P < 0.001; Supporting Information Table S2),
although the increase was for both significantly lower than the
one observed upon Nogo-A Ab treatment (Fig. 2C; P < 0.001
for NgR Ab and P < 0.05 for JTE013; Supporting Informa-
tion Table S2). This suggests that Nogo-A controls dendritic
spine length signaling through both receptors, with the largest
contribution of SIPR2.

Next we addressed a possible role of Nogo-A signaling in
regulating dendritic spine head width. Blocking Nogo-A func-
tion resulted in only a slightly higher proportion of spines
whose head was enlarging above the 250 nm threshold (Sup-
porting Information Fig. S3C, C’ and Supporting Information
Table S2). Moreover, average spine head width slightly, but not
significantly increased after 3 h treatment when compared with
the control treated cells (Supporting Information Fig. S3D).
Together these data implicate fast Nogo-A signaling in modu-
lating dendritic spine morphology, with a specific effect on
spine length.

Nogo-A Controls Actin Dynamics Within Single
Dendritic Spines

Filamentous actin is highly concentrated in dendritic spines and
plays an important role in regulating spine morphology, size, and
number (Matus, 2000; Okamoto et al., 2009). To test whether
Nogo-A signaling is involved in regulating actin dynamics, we per-
formed fluorescence recovery after photobleaching (FRAP) at indi-
vidual spines of eGFP-actin expressing CA3 pyramidal neurons (Fig.
3A) 20 min and 3 h after applying different loss- or gain-of-function
treatments. Fluorescence was stable throughout the experiment in
neighboring spines and before bleaching (Figs. 3B, C). Upon bleach-
ing, fluorescence specifically and completely disappeared in single
spines (Fig. 3A), followed by gradual recovery to about 85% of the
prebleaching fluorescence level (Fig. 3B), which is consistent with
previous reports (Star et al., 2002) and indicates that under control
conditions, most of the actin within spines exists in a dynamic state.
FRAP measurements performed 20 min after Nogo-A Ab applica-
tion resulted in significantly lower intensity values during the entire
fluorescence recovery curve (Fig. 3B; P < 0.01). Accordingly, under
Nogo-A neutralization both the stable actin fraction and the turn-
over time were significantly increased (Figs. 3B’, B”; Supporting
Information Table S3; P < 0.05 and P < 0.001). At 3 h after
Nogo-A neutralization, while the fluorescence recovery curve was
significantly altered (Fig. 3C; P < 0.05) and the turnover time sig-
nificantly higher (Fig. 3C”; P < 0.05), the stable actin fraction was
comparable to control levels (Fig. 3C’; Supporting Information
Table S3). Similar to blocking Nogo-A function, a 20 min applica-
tion of NgR Ab shifted the fluorescence recovery curve to lower val-
ues (Fig. 3B; P < 0.001) with a significant increase in the actin
stable fraction (Fig. 3B’; P < 0.001) and turnover time (P < 0.01;
Fig. 3B’). After 3 h of NgR Ab the fluorescence recovery curve was
significantly lower (Fig. 3C; P < 0.05) and the turnover time was
significantly higher than in controls (Fig. 3C’; P < 0.01). Instead,
the stable actin fraction was now comparable to the control values
(Fig. 3C’). The effects of the SIPR2 receptor blocker JTE-013
seemed to last longer than blocking either Nogo-A or NgR1. When
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the SIPR2 was blocked for 20 min, the fluorescence recovery curve
was significantly lower (Fig. 3B, P < 0.05) and the stable actin frac-
tion was significantly increased (Fig. 3B’; P < 0.05) compared with
controls. These differences could still be observed after 3 h of JTE-
013 application (Figs. 3C, C; P < 0.01) when also the turnover
time was significantly increased (Fig. 3C”; P < 0.05). Both NgR1
and S1PR2 have been shown to signal via the small GTPase RhoA
and its effector the Rho-associated, coiled-coil-containing protein
kinase (ROCK) (Niederost et al., 2002; Kempf et al., 2014). Inter-
estingly, blocking the activity of ROCK by application of the specific
inhibitor Y27632 results in a slight shift of the fluorescence recovery
curve to lower values (Supporting Information Fig. S4A) with no
changes in the turnover time (Supporting Information Fig. S4A)
but in a significant increase in the stable actin fraction after 20 min
of treatment (Supporting Information Fig. S4A”). Moreover, a 3-h
application of Y27632 results in a significant increase in dendritic
spine elongation (Supporting Information Fig. $4B) and in a slight
increase in spine head width (Supporting Information Fig. S4B’)
similar to the one observed upon Nogo-A signaling neutralization.
We next tested whether the ability of Nogo-A to regulate
actin dynamics is contributing to its modulation of dendritic
spine structural plasticity. Changes in actin dynamics associated
to alteration in the morphology of individual spines upon
Nogo-A neutralization were simultaneously analyzed in CA3
pyramidal neurons expressing both eGFP-actin and mCherry-F
(Supporting Information Fig. S5A). FRAP experiments were per-
formed at the start of the experiment and repeated after 3 h of
Nogo-A Ab treatment for the same spines. The spines were then
separated in not changing (Supporting Information Fig. S5E,
spinel) and elongating (Supporting Information Figs. S5A, B, E
spine 2). Within the population of not changing spines there
were no differences in the fluorescence recovery curves before
and upon 3 h Nogo-A Ab treatment (Supporting Information
Fig. S5E spine 1, S5F). We found that in the elongating spines
(Supporting Information Fig. S5E, spine 2), the fluorescence
recovery curve after 3 h of Nogo-A Ab treatment was shifted to
lower intensity values (Supporting Information Fig. S5F’) and
that the stable actin fraction was significantly increased during
treatment (Supporting Informaton Fig. S5C; P < 0.05). More-
over, for all elongating spines we observed a significant positive
correlation between the amount of stable actin and their increase
in length (Supporting Information Fig. S5D; R*=0.45; P <
0.05). These data suggest that Nogo-A loss-of-function modu-
lates dendritic spine size and shape by rapidly stabilizing the
spine actin cytoskeleton. The actin binding protein Cofilin has
been shown to depolymerize actin filaments resulting in the
destabilization of the actin cytoskeleton. Thus, we next assessed
whether Nogo-A signaling might regulate Cofilin activity by
analyzing changes in Cofilin phosphorylation upon a loss-of-
function approach. Both the neutralization of Nogo-A and of
NgR1 by a 1 hour treatment with specific function blocking
antibodies to acute hippocampal slices significantly increased the
levels of inactive, phosphorylated Cofilin (Supporting Informa-
tion Fig. S4C lower panel; Nogo-A Ab + 50.48 * 17.5%; NgR
Ab + 41.63 = 10.4%; P < 0.05), without affecting total protein
levels (Supporting Information Fig. S4C, upper panel) thereby
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possibly resulting in the observed stabilization of the actin spi-
noskeleton upon Nogo-A signaling loss-of-function.

Nogo-A Gain-of-Function Results in a Fast
Shortening of Spines and a Transient
Destabilization of the Actin Cytoskeleton

Next we set out to confirm the specific role of Nogo-A in regu-
lating dendritic spine structural plasticity using a gain-of-function
approach. We applied the active inhibitory Nogo-A peptide, NiG-
A20 (Oertle et al., 2003) and analyzed changes in average dendri-
tic spine length and head width over time. The soluble NiG-A20
peptide is known to be rapidly internalized into neurons upon
binding the SIPR2 forming a receptor-containing signaling endo-
some which is then rapidly degraded (Joset et al., 2010; Kempf
et al., 2014) resulting in an acute gain-of-function followed by a
delayed loss-of-function for Nogo-A signaling (Delekate et al.,
2011). A 20 min application of NiG-A20 resulted in a fast and
transient decrease in the average dendritic spine length relative to
the time points before peptide application (Fig. 4A; Fi517) = 9.93;
P < 0.05). When compared with the control treatment (Fig. 4A)
average spine length was significanty reduced within the first 10
min of NiG-A20 application and returned to pretreatment values
in the subsequent 10 min. Similarly, average dendritic spine head
width was temporarily reduced relative to the time points before
peptide application (Fig. 4A%; F 17 =9.61; P < 0.01). The
growth cone collapsing activity of Nogo-A depends on its ability
to activate the small GTPase RhoA and the downstream ROCK
(Joset et al., 2010). While one hour pre-treatment with the Rho-
associated, coiled-coil-containing protein kinase (ROCK) inhibi-
tor Y27632 resulted only in a slight, not significant increase in
dendritic spine elongation with no change in spine head width
(Supporting Information Figs. S4B, B’), it completely prevented
both the NiG-A20-induced spine shortening (F5 17y = 9.93; P <
0.01 to NiG-A20; Fig. 4A) as well as the spine head shrinkage
(F2,17) = 9.61; P < 0.01 to NiG-A20; Fig. 4A’). These results are
consistent with Nogo-A rapidly regulating dendritic spine size by
modulating the dynamics of the actin cytoskeleton. Indeed, when
FRAP was performed at eGFP-actin expressing spines just 5 min
after NiG-A20 application, the fluorescence recovery curve was
significantly shifted to higher intensity values (Fig. 4B; P < 0.05
from 10 to 110 s; Supporting Information Table S3). The stable
actin fraction and turnover time (Figs. 4B’, B”; P < 0.05, Sup-
porting Information Table S3) were lower than in controls point-
ing to a destabilization of the actin cytoskeleton. In contrast, after
20 min NiG-A20 treatment fluorescence recovery curve was sig-
nificantly shifted to lower intensity values (Fig. 4B) and the stable
actin was significantly higher than in controls (Fig. 4B’; P < 0.05)
as observed upon Nogo-A neutralization. These observation indi-
cate a specific role of Nogo-A in regulating both dendritic spine
size and dynamics of the actin cytoskeleton within spine heads.
Finally, to confirm the role of Nogo-A gain-of-function in destabi-
lizing the actin cytoskeleton and thereby inducing a shortening of
dendritic spines, the Nogo-A NiG-A20 was co-applied together
with the actin stabilizing agent Jasplakinolide. A 20 min applica-
tion of both Jasplakinolide alone and in combination with NiG-
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FIGURE 4. Nogo-A gain-of-function results in a transient
spine shortening and actin destabilization (A). Average spine
length and spine head width (A’) normalized to the first time
point (over 20 min) is shown for CA3 cells treated with control
(gray), NiG-A20 (orange), or Y27632 and NiG-A20 (blue). (B)
Nonlinear regression curves showing the fluorescence recovery
after photobleaching for eGFP-actin at single spines 5 min (light
orange) and 20 min (dark orange) after application of NiG- A20

A20 resulted in a slight, not significant increase in dendritic spine
length without affecting dendritic spine width (Supporting Infor-
mation Figs. S4D, D’) thereby preventing the reduction observed
in the length and head width observed for dendritic spines upon
the application of NiG-A20 alone (Figs. 4A, A)).

Taken together our data show that the fast signaling of Nogo-
A leads to a transient destabilization of the actin cytoskeleton
within spines and shortening of spines, while blocking Nogo-A
signaling induces actin stabilization and spine elongation.

Nogo-A Limits AMPA Receptor Insertion

We next wanted to address if changes in spine morphology by fast
Nogo-A signaling have functional consequences thereby influencing
synaptic transmission at CA3 pyramidal neurons. Modulation of
alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
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(AMPAR) localization at the surface plays a crucial role in synaptic
plasticity. Indeed, LTP is reflected by an actin-mediated increase in
the number of postsynaptic AMPA receptors (O’Brien et al., 1998;
Kim and Lisman, 1999). To investigate whether Nogo-A regulates
AMPAR insertion at dendritic spines, we expressed super-ecliptic
pHluorin fused to the N-terminus of the AMPAR subunit glutamate
receptor 1 (SEP-GluR1, Miesenbock et al., 1998) in primary hippo-
campal neurons (Figs. 5A, A) and examined the dynamic changes in
the density of surface SEP-GIuR1. While 30 min exposure to control
antibodies did not change SEP-GluR1 fluorescence, acute treatment
with Nogo-A Ab resulted in a small, but progressive increase in SEP-
GluR1 fluorescence within spines (Fig. 5B). Moreover, the number
of SEP-GIuR1 clusters whose fluorescence was augmented by 100%
was significantly increased upon Nogo-A Ab when compared with
the control conditions (Fig. 5B’; P < 0.05). To test whether Nogo-A
regulates changes in surface AMPARs upon neuronal activity, we
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FIGURE 5. Nogo-A restricts AMPA receptor insertion and nega-
tively modulates excitatory synaptic transmission. (A) Representative
images showing SEP-GluR1 fluorescence on dendritic regions before
(—10 min) and after (30 min) cLTP induction by a 3 min application
of Glycine during control antibody treatment. (A’) Representative
images showing SEP-GluR1 fluorescence on dendritic regions before
(—10 min) and after (30 min) cLTP induction during Nogo-A neu-
tralization. Arrows indicate spines with marked SEP-GluR1 addition.
Scale bar represents 5 [im. (B) Integrated intensity (AF/F;) of SEP-
GluR1 fluorescence and number of AMPA receptor clusters whose flu-
orescence increased by 100% (B’) over 30 min control (BrdU-Ab,
gray) or Nogo-A Ab (red) treatment. (C) Integrated intensity (AF/Fp)

chemically induced LTP by a brief exposure of hippocampal neurons
to Glycine. In neurons treated with control antibodies, cLTP induc-
tion resulted in a small increase in SEP-GIuR1 fluorescence to a
maximum of about 5% (Figs. 5A, C; F 51 =06.19; P < 0.05).
Upon Nogo-A neutralization cLTP-induced fluorescence was
increased to 15% (Figs. 5A’, C; F1751 = 9.54; P < 0.01) becoming

of SEP-GluR1 fluorescence and number of AMPA receptor clusters
whose intensity increased by 100% (C’) before and after cLTP induc-
tion in hippocampal primary neurons pretreated for 30 min with con-
trol (BrdU-Ab, gray) or Nogo-A Ab (black). (D) Depicted are
representative traces of patch clamp recordings from CA3 pyramidal
cells treated before and 20 min after the application of control or
Nogo-A blocking antibody alone or with CNQX. (E) and (F) Show
the change in percent of the frequency and amplitude of mEPSCs in
control-Ab (gray) or Nogo-A Ab (red) treated CA3 pyramidal neurons
relative to the time point before the antibodies were applied. Data are
presented as mean = SEM. *P < 0.05. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]

significandy higher than in controls 30 min after cI'TP induction (P
< 0.05). The number of SEP-GIuR1 clusters whose fluorescence
was increased by 100% was slightly increased under both conditions
(Fig. 5C).

Next, to corroborate the observed increase in density of
AMPAR upon Nogo-A Ab treatment we tested whether this effect
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is mirrored by an alteration in mEPSC amplitude or frequency at
CA3 pyramidal neurons. Whole-cell patch-clamp recordings were
performed to monitor mEPSCs in CA3 pyramidal neurons in
organotypic hippocampal slice cultures. Nogo-A Ab treatment
resulted in only a slight increase in the frequency of mEPSCs
(Figs. 5D, E) 20 min after treatment when compared with the
controls (Figs. 5D, E). On the contrary, mEPSC amplitude was
significantly increased 10, 15, and 20 min after Nogo-A Ab appli-
cation when compared with control conditions (Figs. 5D, F; P <
0.05). The mEPSCs measured upon Nogo-A loss-of-function
were completely blocked by co-application of CNQX, confirming
the role played by AMPARS in their generation (Fig. 5D).

These observations indicate that acutely blocking Nogo-A
modulates synaptic AMPAR density and thereby the strength

of excitatory synaptic transmission.

DISCUSSION

We show here that Nogo-A signaling can rapidly restrict spine
actin dynamics and that this affects structural and functional plasticity
at dendritic spines of CA3 pyramidal cells. Blocking Nogo-A signal-
ing transiently increases F-actin stability within minutes and results in
increased dendritic spine number and length, indicating that the actin
spinoskeleton is under continuous control of Nogo-A signaling.
Moreover, our data show that Nogo-A signaling regulates excitatory
synaptic transmission possibly both directly by restricting AMPAR
insertion and indirectly through changes in spine morphology.

Linking Structural and Functional Activity-
Dependent Plasticity

Nogo-A and its receptors stabilize synaptic weight by nega-
tively regulating activity-dependent synaptic plasticity (Lee et al.,
2008; Delekate et al., 2011; Kempf et al., 2014; Zemmar et al.,
2014). While the acute neutralization of Nogo-A or of its recep-
tors NgR1 or SIPR2 results in higher TP (Delekate et al.,
2011; Kempf et al., 2014), a gain-of-function approach by the
application of Nogo-A-A20 or Nogo-66 peptides reduces the
amplitude of post-tetanic stimulation (Delekate et al., 2011) or
LTP (Raiker et al., 2010). Induction of LTP is accompanied by
a rapid insertion of AMPA receptors and by their increased clus-
tering on the surface at synaptic sites (Lu et al., 2001; Huganir
and Nicoll, 2013). SiRNA mediated down regulation of Nogo-
A or NgR1 over three days has been shown to positively influ-
ence. NMDAR and AMPAR levels through a rapamycin-
sensitive mTOR-dependent translation mechanism (Peng et al.,
2011). Moreover, experience-dependent delivery of AMPAR in
the barrel cortex has been shown to persist in adult NgR1
knockout mice (Jitsuki et al., 2016). Here we show that acute
neutralization of Nogo-A signaling induces a fast (within
minutes) increase in the density of surface AMPA receptors in
primary hippocampal neurons under basal activity as well as
enhances AMPA receptor insertion at synapses upon chemical
induction of TP These observations suggest that excitatory syn-
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aptic transmission in hippocampal neurons might be under con-
stant control of Nogo-A. Indeed, the amplitude of mEPSCs
recorded from CA3 pyramidal neurons increased rapidly upon
acute treatment with Nogo-A neutralizing antibodies paralleling
the observed increase in AMPAR density. While the observed
increase in mEPSC amplitude with no change in mEPSC fre-
quency suggests increased insertion of AMPARs at pre-existing
sites, the formation of new AMPAR clusters cannot be excluded.
Our observations provide evidence that Nogo-A signaling is
involved in the fast regulation of excitatory synaptic transmission
at hippocampal synapses. These results may appear to be in con-
tradiction with previous reports showing no significant alteration
in baseline synaptic transmission upon Nogo-A neutralization
(Lee et al., 2008; Delekate et al., 2011; Zemmar et al., 2014).
However, previous reports looked at a time scale of hours to
days, while here we analyze the effects within min of a Nogo-A
neutralization. Indeed, we found that the increase in mEPSC
amplitude, spine turnover and the changes in actin dynamics
within spines were transient, indicating that blocking Nogo-A
signaling only transiently affects synaptic transmission. This sug-
gests that additional control mechanisms exist for maintaining
synaptic strength. While Nogo-A has been shown to be
expressed both pre- and post-synaptically (Lee et al., 2008) in
the hippocampus, our previous observations suggest that the
Nogo-A restricts LTP through a purely postsynaptic mechanism
(Delekate et al., 2011). Our current findings could indicate that
the molecular composition of excitatory synapses may be differ-
ent in the presence or absence of postsynaptic Nogo-A signaling,.
Interestingly, Nogo-A signaling has been shown to exert its
action on the cytoskeleton via the regulation of cofilin activity
(Hsieh et al., 2006; Montani et al., 2009). Moreover, temporally
regulated ADF/cofilin activities are crucial for postsynaptic mod-
ifications of both AMPA receptor number and dendritic spine
size during synaptic plasticity (Gu et al., 2010). We speculate
that the ability of Nogo-A signaling to control excitatory trans-
mission mediates its ability to restrict synaptic plasticity.

The collaborative interaction between functional and struc-
tural changes at synapses underlies long-lasting synaptic plastic-
ity (Caroni et al., 2012). We show a role of Nogo-A signaling
in modulating the number and architecture of post-synaptic
structures at a time scale of minutes to hours matching its
effect on excitatory synaptic transmission and the one reported
on LTP (Delekate et al.,, 2011). An increase in the activity-
dependent turnover of dendritic spines and axonal varicosities
has been shown for the somatosensory cortex of NgR1 knock-
out mice (Akbik et al., 2013) and for the motor cortex of rats
receiving Nogo-A neutralizing antibodies (Zemmar et al.,
2014) suggesting that indeed Nogo-A and NgR1 signaling are
involved in regulating anatomical plasticity upon learning.
While previous reports relied on the analysis either of knockout
mice or of rats chronically treated with function blocking anti-
bodies over days, here we use an acute approach to neutralize
Nogo-A signaling and show a surprisingly fast addition of new
dendritic spines in mature CA3 hippocampal neurons. We cur-
rently don’t know if accompanying changes at presynaptic
structures occur (Akbik et al., 2013). The fast increase in spine



density associated with an increase in AMPA receptor clusters
observed here suggests an increase in synapses upon Nogo-A
neutralization. Furthermore, we observe a fast, significant
increase in dendritic spine length and a slight increase in spine
head width upon blocking Nogo-A signaling. On the contrary,
upon Nogo-A gain-of-function both dendritic spine length and
head width decrease. Spine head morphology has been shown
to be dynamic and positively correlated to synaptic efficacy
(Kasai, 2003). Moreover, their architecture has been shown to
regulate the biochemical and electrical compartmentalization of
dendritic spines (Tonnesen et al., 2014). An increase in spine
neck length would increase electrical isolation of the spine
heads from the dendrites (Yuste, 2013). In addition, an
increase in dendritic spines length has been associated with
increased spine motility (Zito et al., 2004). Together, this sug-
gests that blocking Nogo-A signaling might reduce overall
spine maturation. Indeed, Nogo-A signaling has been associ-
ated with the end of the critical period suppressing plasticity in
the visual cortex at the end of its development (McGee et al.,
2005). Furthermore, NgR1 (Josephson et al., 2003; Karlsson
et al., 2013) as well as Nogo-A mRNA (Mingorance et al.,
2004) have been shown to be transiently downregulated in the
cortex and hippocampus of adult rodents under different situa-
tions associated with increased neuronal activity and plasticity,
e.g. kainic acid administration, exposure to running wheels and
sensory deprivation (Endo et al., 2007). In addition, an
increase in neuronal activity within hippocampal primary neu-
rons in vitro has been shown to reduce protein expression for
members of the NgR family, known to restrict dendritic spine
and synapse development (Wills et al., 2012). While the global
regulation of Nogo-A and NgR1 by neuronal activity strongly
indicates their role in regulating plastic processes, the impor-
tant question of whether Nogo-A signaling might be regulated
by neuronal activity at the level of single synapses remains to

be addressed.

Actin Dynamics and Spine Architecture

Filamentous actin is the main constituent of the cytoskeleton
in spines, and modulation of actin dynamics is the common
denominator on which different signaling pathways converge
to control spine morphology and synaptic strength (Cingolani
and Goda, 2008). Both Nogo-A-A20 and Nogo-66 trigger the
activation of the small GTPase RhoA and its effector ROCK
resulting in growth cone collapse and axonal repulsion (Nieder-
ost et al., 2002; Kempf et al., 2014). Accordingly, inactivated
RhoA is increased in 70go-a KO mice resulting in the deactiva-
tion of the actin severing protein cofilin and in increased actin
polymerization supporting formation and extension of filopodia
in growth cones (Montani et al., 2009). We show here that a
regulation of actin dynamics similar to the one observed in
growth cones also acts within mature dendritic spines to con-
trol their architecture and suppress structural plasticity at den-
dritic spines in the mature hippocampus. Neutralizing Nogo-A
or its receptors NgR1 and SIPR2 in mature hippocampal neu-
rons results in the fast stabilization of the actin cytoskeleton
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shown by an increase in turnover time and in the stable actin
fraction already after 20 min. This stabilizing effect on the
actin cytoskeleton is transient and is partially reversed after 3 h
of treatment. The stabilization of the actin cytoskeleton is cor-
related to an increase in spine number and length. Interest-
ingly, increased F-actin stabilization has been shown to be
sufficient to promote spinogenesis and spine elongation (Zito
et al., 2004). Furthermore, a gain-of-function approach for
Nogo-A results in a fast destabilization of the actin cytoskele-
ton possibly associated by a ROCK activation-dependent short-
ening of dendritic pines. Similarly, in developing hippocampal
neurons NgR1 restricts synaptic and dendritic growth through
RhoA activation (Wills et al., 2012). Also, relevant to our
resultss RhoA inactivation results in more and longer spines
suggesting that it can repress the formation and elongation of
spines (Tashiro et al., 2000). Down-regulation of the myosin
light chain II, regulating the retrograde flow of G-actin has
been observed in 70go-a KO mice (Montani et al., 2009) and
its inhibition results in an increase both in spine number and
length (Ryu et al., 2006). While we cannot exclude that inacti-
vation of myosin light chain II might contribute to the effect
of Nogo-A neutralization on dendritic spines, our data indicate
that Nogo-A controls structural plasticity at spines by regulat-
ing actin dynamics most likely via the RhoA-ROCK pathway.
One possible model explaining actin-powered growth and elon-
gation for instance of filopodia is the “elastic Brownian ratchet
model,” in which the addition of new actin subunits at the
barbed end of actin filaments pushes on the membrane (Mogil-
ner and Oster, 1996; Pollard et al., 2000). Thus, a higher sta-
bilization of actin filaments may result in larger protrusive
forces and possibly in increased dendritic spine growth. This
model is consistent with our observations of an increased for-
mation (Fig. 1) and elongation of dendritic spines (Fig. 2)
associated with the stabilization of the actin filaments (Fig. 3)
upon Nogo-A neutralization, possibly via the inactivation of
the actin depolymerizing protein Cofilin (Supporting Informa-
tion Fig. S4C). Moreover, the model is supported by the obser-
vation that the shortening of spines observed upon a Nogo-A
gain-of-function approach is associated with an increase in the
actin dynamic pool within spines (Fig. 4) and prevented by the
co-application of the actin stabilizing drug Jasplakinolide (Sup-
porting Information Fig. S$4D). Our results indicate that
Nogo-A signaling controls dendritic spine number and struc-
ture on the same fast time scale as for its effect on functional
synaptic plasticity via the regulation of the propensity of the
actin cytoskeleton to change.

CONCLUSIONS

Our data designate a precise role of Nogo-A in controlling
dendritic spine number and morphology, the dynamics of actin
within dendritic spine heads as well as AMPAR density and
mEPSC  amplitude. These data provide a fundamental

Hippocampus



830 KELLNER ET AL.

mechanism for the action of Nogo-A in regulating both func-
tional and structural aspects of synaptic plasticity and suggest
an important role for it in modulating the tight balance
between plasticity and stability critical to the proper function
of the mature CNS in an ever changing environment. Overall,
they suggest a physiological role for Nogo-A in restricting func-
tional and structural synaptic plasticity, thereby participating in
the fine-tuning of synapses which is a prerequisite for long-
term memory storage.
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