
UC Santa Cruz
UC Santa Cruz Previously Published Works

Title
Oligodendrocyte- and Neuron-Specific Nogo-A Restrict Dendritic Branching and Spine 
Density in the Adult Mouse Motor Cortex

Permalink
https://escholarship.org/uc/item/56b1q916

Journal
Cerebral Cortex, 28(6)

ISSN
1047-3211

Authors
Zemmar, Ajmal
Chen, Chia-Chien
Weinmann, Oliver
et al.

Publication Date
2018-06-01

DOI
10.1093/cercor/bhx116
 
Peer reviewed

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/56b1q916
https://escholarship.org/uc/item/56b1q916#author
https://escholarship.org
http://www.cdlib.org/


Cerebral Cortex, June 2018;28: 2109–2117

doi: 10.1093/cercor/bhx116
Advance Access Publication Date: 15 May 2017
Original Article
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Abstract
Nogo-A has been well described as a myelin-associated inhibitor of neurite outgrowth and functional neuroregeneration
after central nervous system (CNS) injury. Recently, a new role of Nogo-A has been identified as a negative regulator of
synaptic plasticity in the uninjured adult CNS. Nogo-A is present in neurons and oligodendrocytes. However, it is yet
unclear which of these two pools regulate synaptic plasticity. To address this question we used newly generated mouse
lines in which Nogo-A is specifically knocked out in (1) oligodendrocytes (oligoNogo-A KO) or (2) neurons (neuroNogo-A KO).
We show that both oligodendrocyte- and neuron-specific Nogo-A KO mice have enhanced dendritic branching and spine
densities in layer 2/3 cortical pyramidal neurons. These effects are compartmentalized: neuronal Nogo-A affects proximal
dendrites whereas oligodendrocytic Nogo-A affects distal regions. Finally, we used two-photon laser scanning microscopy to
measure the spine turnover rate of adult mouse motor cortex layer 5 cells and find that both Nogo-A KO mouse lines show
enhanced spine remodeling after 4 days. Our results suggest relevant control functions of glial as well as neuronal Nogo-A
for synaptic plasticity and open new possibilities for more selective and targeted plasticity enhancing strategies.

Key words: dendritic spines, myelin-derived Nogo-A, neuronal Nogo-A, synaptic plasticity, two-photon microscopy

Introduction
To accomplish its functions and adapt to new environments, the
mature central nervous system (CNS) relies on a fine-tuned bal-
ance between dynamic remodeling and stability. Dendritic

architecture as well as number and shape of dendritic spines
influence neuronal function and have been correlated with
activity-dependent processes such as synaptic plasticity
(Xu et al. 2009; Fu et al. 2012; Zemmar et al. 2014). Whereas
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molecules that promote plasticity are well studied, little is known
about factors that govern stability, for example, the consolidation
of the newly formed architecture to secure storage of novel infor-
mation of the network. Recent research has begun to elucidate the
physiological functions and importance of these stabilizing mole-
cules suggesting that they act as gatekeepers to protect the CNS
from excess plasticity and hyper-reactivitywith consequential clin-
ical disorders such as neuropsychiatric diseases or epilepsy
(Mironova and Giger 2013; Baldwin and Giger 2015). Accumulating
evidence shows that the membrane protein Nogo-A is an impor-
tant candidate among network-stabilizing molecules. Since Nogo-
A is currently involved in clinical trials for spinal cord injury, stroke,
multiple sclerosis, and amyotrophic lateral sclerosis, it is of vital
importance to further understand the physiological functions of
this protein in order tominimize side effects andmaximize its ben-
eficial neuroregenerative potential (Schwab and Strittmatter 2014).

Nogo-A was originally found in oligodendrocytes and thus
described as a myelin-derived inhibitor of axonal outgrowth and
neuroregeneration in the lesioned mature CNS (Caroni and
Schwab 1988; Schnell and Schwab 1990; Chen et al. 2000; Fournier
et al. 2001; GrandPre et al. 2002). For a long time, oligodendrocytes
were thought to be the exclusive source of Nogo-A until neuronal
expression of the protein was identified (Josephson et al. 2001;
Huber et al. 2002; Wang et al. 2002; Jin et al. 2003; Liu et al. 2003).
Further research revealed that Nogo-A and its receptors restrict
structural and functional synaptic plasticity in several brain
regions of the uninjured adult CNS (McGee et al. 2005; Syken et al.
2006; Raiker et al. 2010; Zagrebelsky et al. 2010; Delekate et al.
2011; Wills et al. 2012; Akbik et al. 2013; Jitsuki et al. 2016;
Karlsson et al. 2016) including the motor cortex (Zemmar et al.
2014). It has been hypothesized that neuronal Nogo-A may act as
a direct local restrictor of synaptic and dendritic plasticity while
oligodendrocytic Nogo-A acts as an inhibitor of axonal outgrowth
(Schwab 2010; Mironova and Giger 2013). However, no experimen-
tal study has yet investigated the specific functions of neuronal
and oligodendrocytic Nogo-A in the uninjured adult CNS.

We used newly generated mouse lines in which Nogo-A was
specifically knocked out in either oligodendrocytes (oligoNogo-A
KO; Cnp-Cre+/-xRtn4flox/flox) or neurons (neuroNogo-A KO; Thy1-Cretg
+xRtn4flox/flox) to analyze the contribution of these 2 Nogo-A syn-
thesizing cell types toward dendritic morphology and synapse
development in the uninjured adult mouse motor cortex. In motor
cortex layer 2/3 cells, we find an increase in dendritic branching
complexity and spine density in both Nogo-A KO mouse lines
with spatial compartmentalization and a stronger effect in
oligoNogo-A KO mice. Analysis of dynamic formation and elimina-
tion of layer 5 dendritic spines reveals a higher spine turnover rate
in both Nogo-A KO mouse lines compared with control animals.

Materials and Methods
Animals

Control Rtn4flox/flox (FL/FL control), neuron-specific Thy1-Cretg+

xRtn4flox/flox (neuroNogo-A KO) and oligodendrocyte-specific Cnp-
Cre+/-xRtn4flox/flox (oligoNogo-A KO) Nogo-A KO mouse lines were
generated as described previously (Vajda et al. 2015). Animal
experiments were performed in accordance with the guidelines
and under the permits of the Veterinary Office of the Canton of
Zurich as well as the University of California Santa Cruz.

Tissue Processing

Animals were deeply anesthetized with pentobarbital (Nembutal,
40mg/kg body weight, intraperitoneally; Abbott Laboratories) and

transcardially perfused with PBS (pH 7.4, room temperature) fol-
lowed by fixative (4% paraformaldehyde in 0.1M phosphate
buffer (PB), pH 7.4) (Zemmar et al. 2014). Brains were dissected
immediately after perfusion, postfixed in the same fixative for
24 h at 4 °C, cryoprotected in 30% sucrose, sectioned at 40 μm in a
cryostat, collected in PBS and transferred into antifreeze solution
(15% ethylene glycol and 30% sucrose in 50mM PB, pH 7.4) and
stored at −20 °C until used.

Immunostaining

Free-floating sections from oligoNogo-A KO and neuroNogo-A
KO mice were processed under identical conditions to mini-
mize staining variability. Sections were incubated free-floating
overnight at 4 °C with primary antibodies (rabbit anti-Nogo-A
serum, “Laura,” Rb173A, diluted 1:250) (Oertle et al. 2003; Dodd
et al. 2005); mouse anti-NeuN (1:250, Millipore); mouse anti-APC
(1:250, Calbiochem); diluted in PBS containing 4% normal goat
serum and 0.05% Triton X-100. The sections were then rinsed
with buffer, incubated with fluorescence-conjugated secondary
antibodies raised in donkey coupled to indocarbocyanine Cy3
(antimouse) or to Alexa Fluor 488 (antirabbit). After final wash-
ing steps in PB, sections were mounted on slides in 50mM Tris
pH8.0 and cover-slipped with Mowiol (Calbiochem).

Golgi Impregnation and Identification of Pyramidal
Neurons in Layer 2/3 in the Primary Motor Cortex (M1)

Brains were processed with a Golgi protocol as previously
described (Chen et al. 2015). In brief, mice were sacrificed with an
euthanizing agent (Euthusol, Virbac). Their brains were har-
vested, rinsed with double distilled water, and transferred to a
Golgi–Cox solution composed of potassium dichromate, mercuric
chloride, and potassium chromate (Rapid GolgiStain™ Kit,FD
Neurotechnologies, Inc.) and stored at room temperature for
12–14 days. Brains were then transferred to a cryoprotectant
solution and stored at 4 °C for another 4–7 days in the dark.
Processed brains were sectioned at 200 μm in the coronal plane
in a cryostat, and sections transferred onto triple-dipped gelatin
(0.5% concentration) slides and allowed to air-dry at room tem-
perature in the dark. Sections were then rehydrated with double
distilled water, reacted in a developing solution (FD Neuro-
technologies, Rapid Golgi Stain Kit), and dehydrated 4min each
in 50%, 75%, 95%, and 100% ethanol. Finally, sections were
defatted in xylene-substitute and cover-slipped using Permount
(ThermoFisher Scientific). Golgi staining was chosen as it is a stan-
dard method to investigate the qualitative andmorphometric pro-
perties of neurons in themouse cerebral cortex (Chen et al. 2015).

Neuron Selection, Reconstruction, and Dendritic Spine
Analysis

To localize the motor cortex, we used parameters of the Paxinos
Brain Atlas. Visualization of pyramidal neurons with their
somata located in layers 2/3 and their respective dendrites and
spines was accomplished with the Zeiss Axioscope system (Carl
Zeiss, Inc.). Neuronal reconstruction followed the protocol previ-
ously described (Chen et al. 2012). Apical dendrites were defined
as thickest dendrite with part of cytoplasm oriented toward the
pia mater. Neurons were reconstructed and dendritic spines
were counted under a 63x (oil immersion, NA 1.4) objective with
the Neurolucida System (version 11, MicroBrightField Bioscience).
Spines were counted on dendritic segments greater than 100 um
(from soma to dendritic tip), typically on the longest dendritic
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segment that could be found for a particular neuron. The
microscope was equipped with a digital camera (AxioCam
MRc), a mechanical stage (Ludl), and x–y–z axis encoder con-
nected to a computer. The experimenter was blind to the
respective group (neuronal KO, oligodendrocyte-specific KO,
control). Neuronal morphological variables (e.g., dendritic
length, number of dendritic intersections) were derived from
traced files and quantified using NeuroExplorer software
(MicroBrightField Bioscience). The dendritic length and inter-
section analysis at different distances (away from the soma)
was followed as previously described, using a Sholl analysis
approach (Chen et al. 2015). All statistical analyses (Analysis
of Variance followed by Tukey pair-wise posthocs, unless oth-
erwise indicated) were performed using Statistica 12.0
Software (Dell) on a PC computer.

Image Analysis

Microscopic analyses were conducted under strictly blind con-
ditions. Images were acquired using a Leica SP2 confocal micro-
scope equipped with a 40X oil immersion objective. For each
animal, densitometric measurements were carried out per
frame or per region of interest (e.g., single cells) by using the
software ImageJ (NIH). The background-corrected optical densi-
ties were averaged per brain region and animal. The mean rela-
tive optical densities of the control Rtn4flox/flox animals were set
as 1.0 for each marker and brain region.

In Vivo 2Photon Imaging Procedure and Data
Quantification

The surgical procedure of transcranial two-photon imaging and
data quantification have been previously described (Yu et al.
2013). In brief, the skulls of H-line YFP+ anaesthetized mice
were surgically thinned using a rotary drill to the point of com-
plete transparency (~20 μm thickness), which allows clear visu-
alization of spines located at apical dendrites under high
magnification (60x, NA 1.1 objectives). Images were acquired at
a resolution of 512 × 512 pixels at 3X zoom, encompassing
~50 um length at X/Y plane. The brain of the mouse was then
imaged through the thinned skull using a Prairie Ultima IV
multiphoton microscope with a TiSapphire laser tuned to the
excitation wavelength for YFP (920 nm), in which image stacks
(step size 0.7 um) were collected. The patterns of blood vessels
and neuronal processes were also imaged for relocation of the
same dendrites at subsequent imaging sessions. Following
imaging, mice were sutured and allowed to recover until the
reimaging session. Changes in the total spine number over 4
days interval were relative to the first imaging session and cal-
culated as percentage of formation and elimination of dendritic
spines per animal. Image presentations were followed as previ-
ously described (Yu et al. 2013) sparsely labeled dendrites with
minimal crossings were chosen for representation. Two-
dimensional maximum intensity projections of the three-
dimensional image stacks containing in-focus dendritic seg-
ments of interest were used for all figures. Each image in a Z-
stack plane was aligned using recursive alignment of stacks of
images using Stackreg (ImageJ). The images were then thre-
sholded, rotated to an appropriate angle, and smoothed line-
arly using Gaussian filter for presentation. All statistical
analyses (Analysis of Variance followed by pair-wise posthoc
tests) were performed using Statistica 12.0 Software (Dell) on a
PC computer.

Results
Specific Reduction of Neuronal Nogo-A and
Oligodendrocytic Nogo-A in the Motor Cortex

We characterized the previously described neuroNogo-A (Thy1-
Cretg+xRtn4flox/flox) and oligoNogo-A (Cnp-Cre+/-xRtn4flox/flox) condi-
tional knockout (KO) mouse lines (Vajda et al. 2015) in the motor
cortex. Immunofluorescent stainings of NeuN positive neurons
confirmed a significant reduction of Nogo-A expression in the pri-
mary motor cortex (Fig. 1A). In contrast, oligoNogo-A KO mice did
not show decreased Nogo-A levels in the NeuN positive neurons
within primary motor cortex (Fig. 1B). In the corpus callosum (CC),
adenomatous polyposis coli (APC) positive oligodendrocytes
expressed Nogo-A in control mice and neuroNogo-A KO mice
(Fig. 1C), whereas Nogo-A was abolished in cell bodies and myelin
of oligoNogo-A KO mice (Fig. 1D).

In summary, downregulation of Nogo-A was observed
mainly in pyramidal neurons in neuroNogo-A KO mice, and cell
type-selective deletion of oligodendrocytic Nogo-A was seen in
oligoNogo-A KO mice.

Dendritic Branching Complexity, Dendritic Length and
Spine Density are Increased Upon Deletion of Neuronal
and Oligodendrocytic Nogo-A

Antibody-mediated neutralization of Nogo-A or its receptor
NgR1 were shown earlier to enhance synaptic plasticity in layer
2/3 neurons of the motor cortex in acute, adult cortical slices
(Zemmar et al. 2014). To determine the effects of neuronal ver-
sus oligodendrocytic Nogo-A deletion on adult cortical dendritic
morphology, we analyzed dendritic branching complexity and
dendritic length of apical and basal dendrites of Golgi-
impregnated layer 2/3 pyramidal neurons (n = 18 neurons for
FL/FL control and oligoNogo-A KO, n = 24 neurons for
neuroNogo-A KO from 4 animals per genotype). The length of
apical and basal dendrites was increased in the distal regions
of oligoNogo-A KO mice (Fig. 2B,C,D; P < 0.05), while neuroNogo-
A KO mice displayed increased length in the proximal parts of
apical and basal dendrites (Fig. 2B,C,D; P < 0.05). Sholl analysis
revealed that oligoNogo-A KO mice displayed higher numbers of
dendritic intersections, that is, higher branch complexity, com-
pared with littermate controls in the distal regions of the apical
and basal dendrites (Fig. 2E,F; P < 0.05). In contrast, neuroNogo-
A KO mice showed slightly increased dendritic branching closer
to the cell body in both apical and basal dendrites (Fig. 2E,F; P <
0.05), compared with control mice.

Spine density reflects the number of excitatory synapses in
the postsynaptic neuron and thereby serves as an indicator of
excitatory synaptic plasticity (Holtmaat and Svoboda 2009). We
found that spine density of layer 2/3 pyramidal neurons of the
motor cortex was significantly higher at more distal regions
(Fig. 3C; P < 0.05) of apical but not basal dendrites (Fig. 3D) of
both oligoNogo-A KO and neuroNogo-A KO mice compared with
FL/FL control animals, with larger effects observed in oligoNogo-
A KO mice (Fig. 3A,B; P < 0.001).

These results show that oligoNogo-A KO and neuroNogo-A
both influence dendritic length and spine density in motor cor-
tex layer 2/3 pyramidal cells with a compartmental effect.

Dendritic Spine Turnover is Enhanced Upon Deletion of
Oligodendrocytic and Neuronal Nogo-A

Next, we investigated the dynamics of dendritic spines by
in vivo imaging in layer 5 pyramidal cells, the functionally
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crucial output neurons of the motor cortex. To visualize
these cells, we crossed oligoNogo-A KO and neuroNogo-A KO
mice with the YFP-H line, which expresses cytoplasmic yel-
low fluorescent protein (YFP) selectively in a population of
layer 5 pyramidal cells (Feng et al. 2000). In 6- to 8-week-
old adult mice, we repeatedly imaged motor cortex den-
dritic spines over a period of 4 days. We found that spine
formation and elimination were significantly increased in
both Nogo-A KO mouse lines (n = 4, respectively) compared
with FL/FL control animals (n = 4) and WT mice (n = 5)
(Fig. 4A–D; P < 0.001 for both formation and elimination).
Between the 2 Nogo-A KO lines no significant difference
was found for spine formation (P = 0.18) or spine elimina-
tion (P = 0.35).

These data demonstrate that oligodendrocytic and neuronal
Nogo-A both contribute to similar degrees to restrict synapse
remodeling over the time period of 4 days.

Discussion
This study provides the first analysis of the separate effects of
neuronal versus oligodendrocytic Nogo-A deletion on dendritic
and synaptic plasticity in the mouse motor cortex. In layer 2/3
cells, we found increased dendritic complexity, dendritic length
and spine density in both Nogo-A KO lines with a stronger
effect in oligoNogo-A KO mice on apical spine density. The
spine turnover rate of motor cortex layer 5 cells was enhanced
upon deletion of both oligodendrocytic and neuronal Nogo-A.

Figure 1. Nogo-A expression in motor cortex (M1) and CC of neuroNogo-A KO and oligoNogo-A KO mice. (A) Absence of Nogo-A-immunostaining in the majority of neu-

rons (due to thy-1-Cre expression) in neuroNogo-A KO mice. Nogo-A expression persists in the oligodendrocytes (arrowheads) and in a small population of NeuN posi-

tive neurons (arrows),probably due to their lack of thy-1-Cre expression. (B) Neuronal Nogo-A is preserved in M1 cells of oligoNogo-A KO mice. (C) In the CC, APC-

positive oligodendrocytes express Nogo-A in control and neuroNogo-A KO mice. (D) APC-positive oligodendrocytes lack Nogo-A in the oligoNogo-A KO mice. The

arrows indicate Nogo-A positive axons. Calibration bar: 50 μm in (A, B); 25 μm in (C, D).
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Specific Functions of Neuronal and Oligodendrocytic
Nogo-A

The discovery of neuronal Nogo-A expression (Josephson et al.
2001; Huber et al. 2002; Wang et al. 2002; Jin et al. 2003; Liu et al.
2003) and the functionally important influence of Nogo-A and its
receptors NgR1, PirB and S1PR2 at synapses (McGee et al. 2005;
Syken et al. 2006; Zagrebelsky et al. 2010; Delekate et al. 2011;

Wills et al. 2012; Akbik et al. 2013; Bochner et al. 2014; Kempf
et al. 2014; Zemmar et al. 2014; Jitsuki et al. 2016; Karlsson et al.
2016) raise the question of the specific roles of oligodendrocytic
and neuronal Nogo-A.

It has been speculated that myelin-derived Nogo-A influ-
ences growth inhibition (McGee et al. 2005; Schwab 2010) and
neuronal Nogo-A affects synaptic plasticity (Raiker et al. 2010;
Wills et al. 2012; Akbik et al. 2013; Karlsson et al. 2016). Our

Figure 2. Dendritic length in motor cortex layer 2/3 pyramidal cells of neuroNogo-A KO and oligoNogo-A KO mice. (A) Microphotograph of Golgi staining labeled neu-

rons in primary motor cortex from a control animal. Image was taken with 10x objective (NA = 0.3). (B) Representative examples of layer 2/3 pyramidal cells of FL/FL

control, oligoNogo-A KO and neuroNogo-A KO mice. Apical and basal dendrites are shown in red and blue tracings, respectively. (C, D) Compared with control animals

(n = 18 neurons from 4 animals), dendritic length is enhanced in neuroNogo-A KOmice (n = 24 neurons from 4 animals) proximal and in oligoNogo-A KO mice (n = 18 neu-

rons from 4 animals) distal to the cell body of apical (C) and basal dendrites (D). (E, F) Sholl analysis (10 μm spacing of concentric spheres) reveals that dendritic complexi-

ties (indicated by number of intersections) of apical (E) and basal dendrites (F) are significantly increased in the more distal parts upon deletion of oligodendrocytic

Nogo-A, while neuroNogo-A KO mice showed enhanced dendritic complexity in the proximal regions (mean ± SEM. #P < 0.05 oligoNogo-A KO vs. FL/FL; *P < 0.05

neuroNogo-A KO vs. FL/FL). Calibration bar: 100 μm in (A), 50 μm in (B). Data are presented as mean ± SEM.
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data provide the first evidence that both Nogo-A sources sur-
prisingly contribute to dendritic plasticity and synaptic devel-
opment. We also show spatial compartmentalization of the
effects of the two Nogo-A pools, which may be an important
aspect of the specific functions of neuronal versus glial Nogo-A.
Neuronal function is highly dependent on spatially and tempo-
rally precise signaling. Increasing evidence indicates that the
complex morphology of neurons has created compartments
that subdivide the neuron into spatially distinct signaling
domains important for neuronal function (Llinas et al. 1995;
Chen and Sabatini 2012). The compartmentalized effect
observed in our study may indicate a direct local function for
neuronal Nogo-A on dendrites located close to the soma allow-
ing faster information exchange with the cell body. Possible
direct protein synthesis of neuronal Nogo-A at the dendritic
spine (Holt and Schuman 2013) could further facilitate this
effect. Since neuronal Nogo-A modulates fast dendritic spine
dynamics (Kellner et al. 2016), such a mechanism may rapidly
provide readily available neuronal Nogo-A after depletion,
enabling a fast turnover (minutes to hours). It may also allow
fast interaction with plasticity promotors such as neurotrophic
factors as suggested by the finding that NgR1 counteracts FGF2
action on LTP (Lee et al. 2008). On the other hand, oligodendro-
cytic Nogo-A could be located further away from the soma as
suggested by its presence around axons (Dodd et al. 2005).
Myelin-derived Nogo/Nogo receptor containing signalosomes
may travel retrogradely in neurites and confer growth/plasticity
inhibitory signals to the soma (Dodd et al. 2005; Joset et al.
2010). The oligodendrocytic pool may be relevant for long-term

effects mediated by the Nogo/Nogo receptor complex such as
memory formation (Karlen et al. 2009; Karlsson et al. 2016) and
consolidation of neuronal circuits by myelination (McGee et al.
2005). In summary, oligodendrocytic Nogo-A may have a global
plasticity-restricting, network-stabilizing function in the adult
myelinated CNS originating from myelin-axon interactions
while neuronal Nogo-A may act more locally and on a faster
timescale in dendritic and synaptic domains.

Mechanism of Action and Synaptic Localization
of the Nogo Complex

The processes of synaptic plasticity and neuronal outgrowth
share similar underlying mechanisms (Llinas 1979; Bloom and
Morgan 2011). Several growth inhibitors and repulsive guidance
cues were found to also restrict synaptic plasticity whereas
attractive guidance cues and promotors of neuronal outgrowth
can facilitate synaptic plasticity (Shen and Cowan 2010). This
opens the intriguing hypothesis that Nogo/NgR signaling may
utilize the same underlying mechanism at the growth cone and
at the synapse. One auspicious target is the actin cytoskeleton:
it is well known that the Nogo/Nogo receptor signaling cascade
mediates growth cone collapse through modulation of the Rho/
ROCK pathway and its downstream effectors Lim kinase (LIMK-
1) and cofilin (Montani et al. 2009; Nash et al. 2009). Actin and
RhoA are also enriched in presynaptic endings and in dendritic
spines (Santos Da Silva et al. 2004). Actin dynamics are involved
in pre- and postsynaptic control of synaptic transmission
(Dillon and Goda 2005) and change in response to Nogo-A

Figure 3. Spine density in motor cortex layer 2/3 pyramidal cells of neuroNogo-A KO and oligoNogo-A KO mice. (A) Representative examples of Golgi-impregnated api-

cal and basal dendrites from FL/FL control, oligoNogo-A KO mice and neuroNogo-A KO mice. (B) Spine density is significantly increased in apical but not basal dendrites

in both KO lines with a stronger effect in oligoNogo-A KO mice (n = 15 cells for FL/FL control, n = 15 cells for oligoNogo-A KO, n = 16 cells for neuroNogo-A KO from 4 ani-

mals per condition). (C, D) Higher dendritic spine density is seen in the more distal parts of apical (C) but not basal (D) dendrites in both KO lines with a stronger effect

in oligoNogo-A KO mice. Calibration bar: 2 μm in (A). Data are presented as mean ± SEM. #P < 0.05 oligoNogo-A KO versus FL/FL, *P < 0.05 neuroNogo-A KO versus FL/FL.
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manipulations (Kellner et al. 2016). Another mechanistically
relevant aspect is the synaptic localization of Nogo-A and
NgR1. In the motor cortex Nogo-A is located postsynaptically
while NgR1 is at the presynaptic terminal (Zemmar et al. 2014).
This opposing arrangement of receptor and ligand allows sig-
naling via different mechanisms: Cis interaction of Nogo-A
with postsynaptic glutamate receptors (Peng et al. 2011) or
trans-synaptic interaction of Nogo-A with NgR1 may modulate
synaptic alterations through reverse signaling as suggested for
Ephrin/Eph interactions (Klein 2009).

Compensatory Upregulation of Other Plasticity-
Inhibitors

Global knockout of Nogo-A in mice is accompanied by a com-
pensatory upregulation of developmental axon guidance mole-
cules (Kempf et al. 2013). Thus, it is possible that animals who
develop without neuronal or glial Nogo-A compensate this loss
by either increased developmental expression of other
plasticity-restricting factors or decreased synthesis of plasticity
promoting factors. An intriguing possibility to test the function
of the two Nogo-A pools more specifically is the acute loss of
neuronal or glial Nogo-A utilizing selective function-blocking

antibodies against neuronal or oligodendrocytic Nogo-A in
future studies.

Relevance for Targeted Neuroregeneration

Factors that influence rewiring of injured neurites and neurons
by enhancing synaptic plasticity, axonal sprouting and growth
represent a powerful target to improve neural repair and regen-
eration after CNS injury In case of Nogo-A, recent studies have
shown specific effects for neuronal and glial Nogo-A after CNS
injury: oligodendrocytic Nogo-A KO mice (in which neuronal
Nogo-A is spared), showed significantly increased cell survival
after optic nerve injury (Vajda et al. 2015) suggesting a cell
autonomous role for neuronal Nogo-A in improving neuronal
survival, for example, by protection against oxidative damage
(Mi et al. 2012; Guo et al. 2013) or recruitment of cytoprotective
proteins (Erb et al. 2003). Moreover, neuronal, but not oligoden-
drocytic Nogo-A enhanced regenerative axon growth after optic
nerve injury (Pernet et al. 2012; Vajda et al. 2015). Another
important aspect for effective pro-regenerative effects after
CNS injury is the time-dependent neutralization of Nogo-A.
Anti-Nogo-A antibody application in the early phase after large
forebrain stroke in rats and subsequent intensive rehabilitative
training resulted in full recovery of forelimb function whereas
simultaneous application of anti-Nogo-A antibody treatment
and intensive training led to impaired outcomes after stroke
and spinal cord injury in adult rats (Maier et al. 2008; Wahl
et al. 2014). Further investigations are required to determine
whether neuronal and glial Nogo-A have separate effects in
early and later phases of regeneration, rewiring and stabiliza-
tion of neuronal connections after CNS injury.
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