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Abstract

The myelin-associated protein Nogo-A is a well-known in-
hibitor of axonal regeneration and compensatory plasticity,
yet functions of neuronal Nogo-A are not as clear. The pres-
ent study examined the effects of decreased levels of neuro-
nal Nogo-A on dendritic spines of developing neocortical
neurons. Decreased Nogo-A levels in these neurons resulted
in lowered spine density and an increase in filopodial type
protrusions. These results suggest a role for neuronal Nogo-
Ain maintaining a spine phenotype in neocortical pyramidal
cells. Copyright © 2010 S. Karger AG, Basel
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Introduction

The Nogo-A protein is a potent suppressor of neuronal
outgrowth in the intact [1] and injured [2] central nervous
system (CNS). Anti-Nogo-A immunotherapy after isch-
emic stroke in the adult rat induces axonal remodeling
and functional recovery, and also leads to enhanced den-
dritic arborization and increased spine density in pyra-
midal neurons of the contralesional neocortex [3]. This
tinding of effects on spine density led us to investigate the
role of Nogo-A in neocortical pyramidal neurons of the
undamaged CNS, to determine if neuronal Nogo-A plays
a role in dendritic spine development.

Earlier studies of neuronal Nogo-A have shown that
expression levels are high in embryonic and neonatal
development, particularly in populations such as Pur-
kinje neurons of the cerebellum, pyramidal cells of the
hippocampus, and in layer V pyramidal neurons of the
sensorimotor cortex of the rodent [4-6]. Temporal ex-
pression patterns of Nogo-A throughout embryonic and
neonatal development indicate that the molecule may
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participate in processes beyond inhibition of outgrowth
and plasticity [7, 8]. Indeed, recent work has suggested
that Nogo-A is involved in neuronal branching, neuro-
nal migration, and synapse stabilization [5, 9]. Specifi-
cally, cultured neurons from mice lacking expression of
Nogo-A as well as the other Nogo isoforms B and C
showed enhanced axonal branching in vitro [5]. In vivo,
these mice displayed delayed interneuron migration
during neocortical development [5]. Also, Nogo-A over-
expression in cerebellar Purkinje neurons from postna-
tal day 7 (P7) to adulthood led to a decrease in stability
of inhibitory synaptic contacts, a decreased number of
synapses overall, and deficits in motor learning and co-
ordination [9].

In order to directly assess the role of neuronal Nogo-A
in dendritic spine development in vivo, we used a Nogo-A
knockdown approach mediated by RNA interference, in
the form of short hairpin RNA (shRNA), delivered by an
adeno-associated virus serotype 2/8 (AAV2/8). AAV2/8 is
ideally suited for targeting neuronal Nogo-A because ap-
proximately 95% of transduced cells in the CNS are neu-
rons [10, 11]. Transduction of oligodendrocytes, the other
major cell type in the intact CNS that is Nogo-A positive,
is negligible [12]. Our study demonstrates that shRNA
knockdown of neuronal Nogo-A in early postnatal devel-
opment leads to decreased dendritic spine density and an
increase in filopodia in adult neocortical pyramidal neu-
rons.

Materials and Methods

Construction of AAV Plasmids

The recombinant AAV plasmid (pAAV)-enhanced green fluo-
rescent protein (EGFP) construct was generated by inserting the
EGFP ¢DNA into the Xhol and BglII restriction sites in pAAV-
MCS (Stratagene, Inc.). For pAAV-shNogo856, three different
siRNA sequences targeted against the amino portion of Nogo-A
were screened for efficiency in vitro. Antisense-loop-sense oligo-
nucleotides corresponding to nucleotides 856-874 of rat Nogo-A
cDNA sequence (shNogo856) were synthesized, annealed and sub-
cloned into the Bbsl and Xbal sites of the mU6pro plasmid as de-
scribed [13]. The U6-shNogo856 fragment was then inserted into
the pAAV-EGFP plasmid at the Mlul site upstream of the CMV
promoter. The control hairpin siRNA, shLuc, targeted against
Photinus pyralis luciferase, was constructed by annealing and in-
serting the described oligonucleotides into the BamHI/EcoR1
sites on the pZac2.1-U6-luc-CM V-Zsgreen [14]. All plasmids were
verified by sequencing and purified by Maxiprep (Qiagen).

Cell Culture and Transfection
Neuroblastoma B104 and HEK293 cells were grown in Dul-
becco’s modified Eagle’s medium (Invitrogen, Life Technologies,

314 Dev Neurosci 2010;32:313-320

Inc.) containing 10% fetal bovine serum and gentamicin. For
dose-responsive knockdown, cells were also transfected with 2 pg
Nogo-A plasmid. Plasmids were transfected using the calcium
phosphate technique (Virapack transfection kit; Stratagene) or, in
the case of HEK293 cells, Polyfect Transfection Reagent in accor-
dance with manufacturer’s instructions (Qiagen). Cells were lysed
and harvested at 3 days after transfection. All experiments were
replicated a minimum of three times.

Immunoblotting

SDS-PAGE and Western blotting were performed as previous-
ly described [15]. Briefly, cell lysates were electrophoresed through
an SDS-polyacrylamide gel and transferred to a polyvinylidene
difluoride membrane. Membranes were incubated overnight at
4°C with the primary antibody (1:800 for 11C7, 1:5,000 for anti-
GAPDH antibody). The membrane was washed with PBS and in-
cubated with an alkaline phosphatase-conjugated secondary an-
tibody (1:5,000; Pierce) for 2 h.

Virus Production, Purification, and Titering

Viruses were constructed using the plasmids described above
and following the method of Zolotukhin et al. [16] with the fol-
lowing provisions. Each construct was cotransfected in AAV-293
cells (Stratagene) with p5E-VD282, which expresses the replica-
tion gene of AAV2 and capsid gene of AAV8S, and pHelper (Strat-
agene) plasmids. Cotransfection was carried out using the Vira-
pack transfection kit (Stratagene). After purification by an iodix-
anol step gradient, preparations were concentrated and desalted
utilizing multiple cycles of centrifugation through Biomax 100K
concentrators (Millipore, Bedford, Mass., USA) with PBS as the
diluent. AAV2/8-EGFP was either purchased from University of
Pennsylvania vector core or generated in house. Titer was assessed
by serial dilutions of virus and infection of HT1080 cells. After
72 h, GFP-positive cells were counted, and the average number of
infected cells ranged from 5 X 10°to 1 X 10%/ml.

Animals

All animal procedures were approved by the Institutional An-
imal Care and Use Committee of Loyola University and Hines
Veteran Affairs Hospital and conform to the National Institutes
of Health guidelines. Animals were housed in a temperature- and
humidity-controlled room on a 12-hour light:dark cycle.

On P3, male rat pups were randomly assigned to one of three
experimental groups: (a) control AAV-EGFP group (n = 7),
(b) control AAV-shLuc group (n = 7) or (c) knockdown AAV-
shNogo856 group (n = 9). For each group, rats were cryoanes-
thetized as described previously [17] and placed in a neonatal ste-
reotactic apparatus. A small vertical incision was made in the
midline of the scalp, the skin was retracted, and a skull flap was
gently removed. Stereotactic injection coordinates were 0.5 mm
anterior, 1.5 mm lateral and 1 mm ventral to bregma. Virus-con-
taining solution was slowly delivered into the brain at a rate of
0.5 pl/min using a 10-wl Hamilton syringe equipped with a
30-gauge needle, for a total infusion volume of 5 pl. The needle
was left in place for 5 min and removed slowly. The skull flap was
then replaced and the overlying skin was sutured. Neonates were
rewarmed under a lamp, and returned to the dam after regaining
normal color and activity. Litters were culled to 8-10 pups, weaned
at postnatal P21, and housed in groups of four for the duration of
the study. Six weeks after AAV injection, rats were given an over-
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Fig. 1. Nogo-A knockdown. a Neuro-
blastoma cells transfected with pAAV-
shNogo856 showed reduction in Nogo-A
immunoreactivity, compared to pAAV-
EGFP-transfected cells. b Results from a
expressed as percent of control (GAPDH),
demonstrated more than 95% decreased
Nogo-A immunoreactivity (*** p < 0.001,
ANOVA, mean + SEM).
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dose of sodium pentobarbital (100 mg/kg) and transcardially per-
fused with saline followed by 4% paraformaldehyde. Brains were
removed and post-fixed for 1 h.

Immunohistochemical Confirmation of Nogo-A Knockdown

To confirm Nogo-A knockdown in vivo, brains were cryo-
protected for 24 h in 30% sucrose solution before being frozen
and stored at —80°C. Cryostat sections (50 pm) were collected
and incubated in blocking solution containing 10% normal goat
serum in PBS for 1 h at 23°C. After blocking, sections were in-
cubated in a primary antibody solution containing PBS, 5% nor-
mal goat serum, and monoclonal anti-Nogo-A antibody 11C7
(1:800; Novartis) overnight at 4°C. Ten to twelve 0.5-pm-thick
stacks were taken at X63 magnification on a laser-scanning
confocal microscope. Three animals were examined per group,
with at least fifty EGFP-positive cortical cells counted per ani-
mal. Of these transduced cells, the total number of Nogo-A-im-
munopositive cells was also counted. The number of double-
labeled cells was expressed as a percentage of the total number
of transduced cells.

Dendritic Spine Imaging and Analysis

150-pwm-thick sections were cut on a vibratome, mounted onto
slides, and coverslipped. Thin optical sections were obtained us-
ing a Zeiss 510 laser scanning microscope, under X63 objective
(numerical aperture 1.2) and X2 zoom. Pyramidal neurons in
layer V of the primary sensorimotor cortex were imaged. The
2nd-order dendrite originating from the apical shaft was cap-
tured, and the first 10-pm segment from the branch point was
excluded. Three to five pyramidal neurons were imaged for a total
of five to eight 2nd-order dendrites for every animal. To deter-
mine the density of dendritic spines, the total number of spines in
a 10-pm length of dendrite was counted using NIH Image J soft-
ware [18]. For morphology analysis, maximum head diameter and
length were measured for each spine. Filopodia dendritic protru-
sions that did not show a clearly identifiable spine head, as de-
scribed in [19], were counted and each listed separately.

Statistical Analyses

Prism 4 for Windows (GraphPad Software, Inc.) was used to
analyze all data via one-way, two-tailed ANOVA with Bonfer-
roni post-hoc testing. p < 0.05 was regarded as statistically sig-
nificant.

Neuronal Nogo-A Influences Developing
Spines

Results

Recombinant Virus, AAV-shNogo856, Mediated in
vitro and in vivo Nogo-A Gene Knockdown in Cortical
Neurons

To first test for a decrease in Nogo-A levels, neu-
roblastoma B104 cells were transfected with hairpin
siRNA against Nogo-A (shNogo856). Homogenates
displayed a more than 95% decrease in Nogo-A immu-
noreactivity, as assayed by Western blot (fig. 1). In con-
firmation of this, HEK-293 cells cotransfected with
both Nogo-A and shNogo856 plasmids displayed dose-
responsive loss of Nogo-A (online suppl. fig. 1; www.
karger.com/doi/10.1159/000309135).

Neocortical layer V pyramidal neurons were trans-
duced following A AV injection into the presumptive pri-
mary sensorimotor cortex of P3 rat pups. While we did
occasionally observe astrocytes transduced by AAV2/8,
as identified by EGFP, the majority of cells transduced
had a neuronal morphology. Pyramidal neurons trans-
duced with the control vector, AAV-EGFP, showed im-
munoreactivity for Nogo-A, while very few pyramidal
neurons from the AAV-shNogo856 group showed any
Nogo-A immunostaining (fig. 2). The average percent
of double-labeled cortical cells was 38.33 = 3.75 in
the control vector group, and 9.73 * 7.66 in the AAV-
shNogo856-transduced group (p < 0.03; data not shown);
in the transduced neurons there was a 75% decrease in
the number of Nogo-A immunopositive cells.

Neuronal Nogo-A Knockdown in vivo Results in

Reduced Dendritic Spine Density

After a 6-week survival period, no significant differ-
ence in spine density was detected between control groups
transduced with either AAV-EGFP or another control vi-
rus, AAV-shLuc (p > 0.05; fig. 3). EGFP-positive layer V
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Fig. 2. Recombinant virus mediated in vitro and in vivo Nogo-A
gene knockdown in neurons. a-d, j-1. When injected in the pre-
sumptive primary sensorimotor cortex of neonatal rats, AAV-
EGFP-transduced neurons (arrows point to examples) showed
Nogo-A immunoreactivity 6 weeks after injection. However, the

AAV-shNogo856

Fig. 3. Neuronal Nogo-A knockdown results in reduced dendritic
spine density. The densities of dendritic spines in EGFP-trans-
duced (a) and shLuc-transduced (b) neurons were similar to that
reported in the literature for normal control rats, and not signifi-
cantly different from one another. ¢ Neurons expressing the
shNogo856 siRNA demonstrated a significant reduction in den-

Neuronal Nogo-A Influences Developing
Spines

11C7

Merge

A AV-shNogo856-transduced neurons showed negligible Nogo-A
immunoreactivity (e-h, m-o). j-o Scanning confocal microscope
images, at a higher magnification, clearly demonstrate loss of No-
go-A. Scale bar: d, h: 100 pm, o: 10 pm.
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dritic spines compared to the EGFP and shLuc control groups.
d Neurons expressing the shNogo856 siRNA exhibited a sig-
nificant reduction in dendritic spine density compared to both
EGFP- and shLuc-transduced neurons (*** p < 0.01, ANOVA,
mean + SEM). Scale bars: 5 pm.

Dev Neurosci 2010;32:313-320 317



204 *X¥

1.00
Fig. 4. Neuronal Nogo-A knockdown re- -
sults in changes in spine morphology. o 073
a The ratio of spine head diameter to 2 0.50
spine length significantly decreased fol- “ 0.25
lowing hairpin siRNA-mediated Nogo-A ’

154
*X*

knockdown. b Transduction by AAV- 0
shNogo856 also led to an increase in the
number of filopodia protrusions (*** p <
0.01, ANOVA, mean + SEM).

AAV-EGFP  AAV-shNogo856
a Virus construct

Percent filopodia forms

1 T

AAV-EGFP

I
AAV-shLuc AAV-shNogo856
Virus construct

-

pyramidal neurons from rats transfected with AAV-EGFP
had an average spine density 0of 9.42 + 1.41 per 10 pm den-
drite length. Similarly, neurons in animals from the AAV-
shLuc group demonstrated an average spine density of 8.53
* 0.93 per 10 wm dendrite length. Conversely, a 60% re-
duction in neuronal dendritic spine density was detected
in neurons transduced with A AV-shNogo856, with an av-
erage spine density of 3.88 * 1.44 per 10 pm dendrite
length; p < 0.01. In another study, the deletion of Nogo-A
led to a slight increase in spine density in knockout mice
as visualized in Golgi-impregnated tissue [manuscript in
preparation]. These results demonstrate that postnatal No-
go-A gene knockdown influences spine density in layer V
neocortical pyramidal neurons.

Neuronal Nogo-A Knockdown in vivo Results in

Alterations in Spine Morphology

Neurons from animals transduced with AAV-
shNogo856 exhibited a significant increase in average
spine length compared with r-A AV-EGFP animals (1.50
+ 0.08 wm AAV-shNogo856 vs. 1.09 = 0.10 pm AAV-
EGFP; p <0.05, data not shown). This increase in average
spine length was associated with a significant decrease in
average spine head diameter (0.60 £ 0.03 vs. 0.91 % 0.03
wm AAV-EGFP; p < 0.001, data not shown) and a signif-
icant overall reduction in the ratio of spine head diameter
to spine length (0.47 £ 0.40 vs. 0.91 = 0.07 AAV-EGFP;
p < 0.01; fig. 4a). Thus, postnatal Nogo-A knockdown
changes spine morphology, increasing spine length and
decreasing spine head width.

Lastly, the prevalence of filopodia was examined.
Neurons from the AAV-shNogo856 group showed a sig-
nificant increase in the percentage of filopodial protru-
sions (17.79 * 6.70%; p < 0.01) as compared to neurons
transduced with control viruses AAV-EGFP (5.53 *
2.24%) and AAV-shLuc (4.42 * 2.60; fig. 4b), with no
significant difference between the two control virus
groups (p > 0.05).
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Discussion

The results of this study indicate that postnatal sup-
pression of Nogo-A by AAV2/8-delivered shRNA will re-
duce spine density in pyramidal neurons in layer V of the
sensorimotor neocortex. Furthermore, morphological
analysis of these transduced neurons showed a signifi-
cant increase in filopodial type protrusions, indicating a
shift to a more immature morphology in neurons lacking
Nogo-A.

Nogo-A is the fourth member of a diverse family of
proteins known as the reticulons [20]. Named for their
cellular distribution, primarily in the endoplasmic retic-
ulum (ER), these highly evolutionarily conserved pro-
teins are found in all eukaryotic kingdoms. Although the
complete functions of the reticulon family are not cur-
rently known, they are thought to be involved in activities
as widespread as ER stress responses, cell death, vesicle
formation and intracellular trafficking [21].

Nogo-A was initially isolated from CNS myelin and
identified as a highly potent inhibitor of neurite out-
growth [22]. Over the past two decades, numerous stud-
ies of anti-Nogo-A antibody infusion in animal models
of spinal cord injury and stroke have shown that this
treatment results in functional recovery, axonal regen-
eration, and neuronal plasticity [2]. In particular, contra-
lesional layer V neurons of the forelimb sensorimotor
cortex displayed increased axonal sprouting [23], den-
dritic complexity, and spine density [3] following stroke
and anti-Nogo-A immunotherapy in adult rats. However,
after knockdown in neonatal rats, our results of decreased
spine density and altered spine morphology support the
hypothesis that an additional function of Nogo-A may be
to promote spine development. When considering the
present result of a decrease in spine density seen after
Nogo-A knockdown as compared to our previous result
of an increase in spine density after stroke and immuno-
therapy, several explanations are possible. First, the age of
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the animals was different, and decreasing the levels of
Nogo-A protein in developing neurons could have led to
a different result than administering the anti-Nogo-A
therapy in the adult animal. Second, the axonal sprouting
observed after anti-Nogo-A immunotherapy may have
led to a retrograde activity- or trophic-induced increase
in spine formation in the adult animals. We did not ex-
amine the possibility of an axonal response to Nogo-A
knockdown in the developing CNS here, although this is
currently under investigation. Third, mechanistic differ-
ences between an antibody-mediated therapy to neutral-
ize global Nogo-A and direct loss of the protein in neu-
rons through RNA interference cannot be ruled out.

Filopodia, which are most prevalent in early postnatal
development, are also increased on pyramidal neurons in
CNS conditions affecting information processing, such
as Alzheimer’s disease [24], schizophrenia [25], and cer-
tain forms of developmental disability [26-28]. Given
this, the increase in filopodia observed after Nogo-A
knockdown in the current study may indicate a decrease
in synaptic function in these neurons. Furthermore, the
increase in spine length and decrease in spine head width
observed after Nogo-A knockdown may indicate a de-
crease in synaptic strength in these neurons, as spine
length influences the extent of calcium isolation from the
parent dendrite [29] and spine head width has been shown
to correlate with spine head volume, the area of the post-
synaptic density, and the number of docked presynaptic
vesicles [30, 31].

Many regulators of dendritic spines have been identi-
tied by the use of siRNA, including cytoskeleton effectors
[32-34] and molecules that were initially thought to be
only involved in axonal guidance [35, 36]. An earlier
study reported that introduction of a shRNA against lu-
ciferase resulted in the loss of dendritic spines in hippo-
campal pyramidal neurons in vitro [14]. This decrease
in spine density was also seen in response to foreign
shRNAs that can activate interferon target genes [14]. In
the present study, the average spine density of AAV-shLuc
layer V-transduced neocortical pyramidal neurons was
not significantly different from that of AAV-EGFP-trans-
duced neocortical pyramidal neurons, and was also sim-
ilar to spine density of neocortical pyramidal cells, as re-
ported by others [3, 37, 38]. Therefore, in our in vivo mod-
el, an exogenous hairpin control of shLuciferase had no
apparent effect on spine density.

Several mechanisms may underlie Nogo-A’s role in
plasticity and development, including the actions of in-
tracellular Nogo-A, and interaction with a Nogo-66 re-
ceptor (NgR1) or integrins [39]. NgR1 has been shown to

Neuronal Nogo-A Influences Developing
Spines

mediate changes in neuronal plasticity [40], including
spine morphology, synaptic function [41], and length of
neuronal stem cell neurites [42]. Integrins can interact
with the amino-terminal of Nogo-A [43], and have also
been implicated in dendritic spine plasticity [44, 45].
Nogo proteins have been implicated in migration of neo-
cortical interneurons during embryonic development,
neuronal polarization and neurite branching, potentially
through intracellular mechanisms [5]. Indeed, intracel-
lular Nogo-A has been reported to induce topological
changes in a membranous structure, the ER [39]. While
the molecular mechanism of spine loss observed here has
yet to be uncovered, we propose that endogenous levels of
Nogo-A expression in postnatal development are neces-
sary for the formation and maintenance of mature spines.

Conclusion

Our results suggest that neuronal Nogo-A plays an im-
portant role in postnatal dendritic spine regulation in the
cerebral neocortex. The presence of Nogo-A at multiple
subcellular localizations and its differential expression
patterns throughout development suggest that Nogo-A
may be a multifunctional protein involved in diverse ac-
tions such as neurite outgrowth, synaptic plasticity and
the regulation of spine morphology. Understanding the
physiological roles of this protein may aid in the design
of more effective therapeutic regimes to target Nogo-A
for the treatment of various neurological disorders.
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