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The membrane protein Nogo-A, which is predominantly expressed by oligodendrocytes in the adult CNS and by neurons mainly during
development, is well known for limiting neurite outgrowth and regeneration in the injured mammalian CNS. In addition, it has recently
been proposed that abnormal Nogo-A expression or Nogo receptor (NgR) mutations may confer genetic risks for neuropsychiatric
disorders of presumed neurodevelopmental origin, such as schizophrenia. We therefore evaluated whether Nogo-A deletion may lead to
schizophrenia-like abnormalities in a mouse model of genetic Nogo-A deficiency. Here, we show that systemic, lifelong knock-out of the
Nogo-A gene can lead to specific behavioral abnormalities resembling schizophrenia-related endophenotypes: deficient sensorimotor
gating, disrupted latent inhibition, perseverative behavior, and increased sensitivity to the locomotor stimulating effects of amphet-
amine. These behavioral phenotypes were accompanied by altered monoaminergic transmitter levels in specific striatal and limbic
structures, as well as changes in dopamine D2 receptor expression in the same brain regions. Nogo-A deletion was further associated with
elevated expression of growth-related markers. In contrast, acute antibody-mediated Nogo-A neutralization in adult wild-type mice
failed to produce such phenotypes, suggesting that the phenotypes observed in the knock-out mice might be of developmental origin, and
that Nogo-A normally subserves critical functions in neurodevelopment. This study provides the first experimental demonstration that
Nogo-A bears neuropsychiatric relevance, and alterations in its expression may be one etiological factor in schizophrenia and related
disorders.

Introduction
Nogo-A is well known for its crucial role as a myelin-associated
inhibitor of regenerative fiber growth and structural plasticity in
the injured adult CNS (Schwab, 2004; Yiu and He, 2006). In the
intact adult CNS, Nogo-A acts as a suppressor of growth and
sprouting, thus stabilizing the wiring of the adult CNS (Buffo et
al., 2000; Bareyre et al., 2002). Nogo-A is not only expressed in
oligodendrocytes, but it is also present in subsets of neurons
(Huber et al., 2002; Wang et al., 2002). Neuronal Nogo-A is es-
pecially highly expressed in the fetal and early postnatal brain and
is downregulated in most anatomical structures in adulthood,
except in some regions of high plasticity (e.g., hippocampus), in
which neuronal Nogo-A expression remains high (Huber et al.,
2002). Nogo-A might therefore assume critical control over neu-
rodevelopmental processes as well as neural plasticity events. A

recent report has emphasized Nogo’s possible involvement in
cortical development and neuronal maturation (Mingorance-Le
Meur et al., 2007). Although controversial, human postmortem
and genetic linkage studies have implicated Nogo-A and its chro-
mosomal location in several neuropsychiatric disorders with a
presumed neurodevelopmental origin, namely schizophrenia
and bipolar disorder (Coon et al., 1998; Shaw et al., 1998;
Novak et al., 2002; Tan et al., 2005). Moreover, Nogo receptor
1 (RTN4R, NgR1), a putative receptor subunit for Nogo-A, is
encoded by a gene located on chromosome 22q11, which is a
hotspot for genetic predisposition in schizophrenia (Liu et al.,
2002). Recently, several NgR1 mutations have also been iden-
tified in schizophrenic patients (Sinibaldi et al., 2004; Hsu et
al., 2007; Budel et al., 2008).

Schizophrenia is a severe and chronic neuropsychiatric disor-
der with a presumed etiology in abnormal neurodevelopment
attributable to combinatorial effects of environmental and genetic
risk factors (Harrison, 1997; Lewis and Levitt, 2002; Rapoport et al.,
2005). Indeed, various genetic linkage and association studies
have identified genomic regions that may harbor schizophrenia
susceptibility genes (Harrison and Weinberger, 2005; Ross et al.,
2006). Mouse deletion models of such genes are indispensable in
characterizing their function at the system level and their poten-
tial contribution to disease pathophysiology in terms of the scope
of cellular pathways, neural circuits, and behavior (Arguello and
Gogos, 2006; Chen et al., 2006). Here, a mouse model of consti-
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tutive genetic Nogo-A deficiency was evaluated in a comprehensive
series of behavioral tests with specific relevance to schizophrenia
pathopsychology. Following the demonstration of multiple
schizophrenia-like behavioral abnormalities in Nogo-A-deficient
mice, we further characterized the concomitant alterations in
brain neurotransmitters and specific markers by neurochemical
and immunohistochemical analyses, focusing in particular on
brain regions implicated in the pathophysiology of schizophre-
nia. Finally, we investigated whether the brain and behavioral
aberrations identified in Nogo-A-deficient mice could also be
induced by antibody-mediated Nogo-A suppression in adult
wild-type mice, as the first test of whether lifelong Nogo-A defi-
ciency since early life was necessary for the emergence of the
Nogo-A knock-out phenotypes.

Materials and Methods
Animals
Subjects were all 2- to 4-month-old male mice on a C57BL/6J genetic
background. They comprised Nogo-A knock-out (Nogo-A �/ �) and
wild-type (Nogo-A�/�) littermates. Full details of the generation of the
Nogo-A �/ � mouse line have been described before (Simonen et al., 2003;
Dimou et al., 2006). Nogo-A was absent in the knock-outs, as expected
(Fig. S1, available at www.jneurosci.org as supplemental material) (see
also Simonen et al., 2003; Dimou et al., 2006). The animals were housed
on a reversed 12/12 h light/dark cycle (lights on at 8:00 P.M.) under
temperature-controlled (21°C) and humidity-controlled (55%) condi-
tions and maintained under ad libitum food and water. Animals derived
from multiple litters were used for each experiment. All animals were
experimentally naive at the time of testing. Testing was performed during
the dark phase of the light/dark cycle. All procedures described in the
present study had been approved by the Cantonal Veterinary Office in
Zurich and are in agreement with the Principles of Laboratory Animal
Care (National Institutes of Health publication no. 86-23, revised 1985).

Behavioral analysis
Elevated plus maze. The expression of spontaneous anxiety-like behavior
was assessed in the elevated plus maze test. Two maze designs were used,
differing in whether the maze walls were opaque or transparent. Such
variation in the transparency of the closed arms has been suggested to be
more congenial for the detection of anxiolytic or anxiogenic traits, re-
spectively (Hagenbuch et al., 2006). The two mazes were identical in
dimensions, consisting of two open and two enclosed arms, radiating
from a central platform. Their construction has been fully described
before (Willi et al., 2009). The test began by placing the animal on the
central platform with its head facing one of the open arms. The mouse
was then left to freely explore the maze for 5 min. A digital camera was
mounted above the maze. Images were captured at a rate of 5 Hz and
transmitted to a personal computer running the Ethovision tracking
system (Noldus Technology). The following two indices of anxiety-
related behavior were computed: the percentage open-arm entries
[open-arm entries/(open-arm entries � closed-arm entries) � 100%],
and the percentage time spent in the open arms [time in open arms/(time
in open arms � time in closed arms) � 100%]. In addition, total distance
traveled in the entire maze (in centimeters) was taken as a measure of
activity.

Open-field exploration. Spatial exploration was evaluated in four iden-
tical white open-field arenas (40 � 40 cm) as described previously
(Meyer et al., 2006). Animals were allowed to freely explore the open field
for 1 h. For the purpose of data collection, the arenas were conceptually
partitioned into two zones: a center zone in the middle of the arena
(measuring 13.5 � 13.5 cm) and a peripheral zone occupying the re-
maining area. Data collection was performed using the Ethovision track-
ing system. The dependent measures were as follows: distance traveled in
the entire open-field arena and number of entries into the central area of
the open field, expressed as a function of 5 min bins.

Prepulse inhibition. Prepulse inhibition (PPI) refers to the reduction in
startle reaction to a startle-eliciting pulse stimulus when it is shortly
preceded by a subthreshold prepulse stimulus (Hoffman and Searle,

1965). A test of PPI was conducted using four acoustic startle chambers
(SR-LAB, San Diego Instruments), in which the startle reflex was trig-
gered by a 40 ms 120 dBA white noise pulse stimulus. The test apparatus
and procedures have been fully described before (Meyer et al., 2005).
Inhibition of the pulse-elicited startle reflex was achieved by using 20 ms
white noise prepulse stimuli of various intensities (69, 73, 77, 81, and 85
dBA) that preceded the pulse stimulus by 100 ms. PPI was indexed by the
percentage inhibition of the startle response at each level of prepulse intensity
by the following formula: % PPI � [1 � (mean reactivity on prepulse-plus-
pulse trials/mean reactivity on pulse-alone trials)] � 100%.

Latent inhibition. Latent inhibition (LI) refers to the retardation in
learning about the significance of a stimulus as a result of its prior re-
peated pre-exposures without consequence (Lubow and Moore, 1959).
LI was assessed in a conditioned freezing paradigm using two sets of four
chambers as previously described (Meyer et al., 2005). The test proce-
dures consisted of four phases: pre-exposure, conditioning, context test,
and tone test. Animals were randomly allocated to either the pre-exposed
or non-pre-exposed condition. Pre-exposed animals received 40 presen-
tations of a 30 s tone stimulus at a variable interstimulus interval of 40 �
30 s, while non-pre-exposed animals were confined to the chamber for an
equivalent time. Conditioning followed immediately at the end of pre-
exposure without removing the animals from the chambers. Condition-
ing contained three discrete trials of tone–shock pairings. Each trial
began with the 30 s tone stimulus followed immediately by the delivery of
a 1 s footshock (0.25 mA). Each trial was preceded and followed by a 180 s
interval. The context test took place 24 h later, when the subjects were
returned to the same chambers for a period of 480 s in the absence of any
discrete stimulus. The tone test was conducted another 24 h later in the
same test chamber to assess the conditioned response to the tone. Fol-
lowing a 180 s acclimatization period, the tone was continuously pre-
sented for 180 s, and freezing (immobility) in the presence of the tone
stimulus was evaluated. Freezing was expressed as the percentage time
freezing for all test sessions.

Active avoidance learning. The active avoidance learning task captures
elements of both classical and instrumental conditioning, in which the
animals learned to perform a specific operant act in response to a tone
stimulus to avoid the delivery of an aversive footshock. The apparatus
consisted of four identical two-way shuttle boxes as fully described before
(Yee et al., 2006). Electric shocks (0.3 mA) could be delivered through the
grid floor. The conditioned stimulus (CS) was an 86 dBA tone. Animals
were placed in the shuttle chambers and received a total of 100 condi-
tioned avoidance trials presented with an intertrial interval of 40 � 15 s.
A trial began with the onset of the tone. If the animal shuttled within 5 s
of tone onset, the tone was terminated and the animal avoided the electric
shock on that trial. Avoidance failure led immediately to an electric foot-
shock presented in coincidence to the tone. This lasted for a maximum of
2 s but could be terminated earlier by a shuttle response during this
period (i.e., an escape response). To index conditioned avoidance learn-
ing, the mean number of avoidance shuttles performed across successive
20-trial blocks was calculated. To account for general locomotor activity,
the number of spontaneous shuttles performed during the intertrial in-
tervals was also analyzed.

Discrimination reversal learning. Discrimination reversal learning was
examined using a water T-maze. The apparatus and procedures have
been fully described before (Meyer et al., 2006). In acquisition training,
the animals were required to learn to discriminate the left and right goal
arms, with only one of them leading to an escape platform hidden just
beneath the water surface at the far end. There were six trials per daily
session, conducted at an intertrial interval of 10 min. Acquisition training
continued until an animal had reached the criterion performance of 11
correct responses across 2 consecutive days. To assess reversal learning,
the platform location was then moved to the other, previously incorrect,
arm from the following day onwards. Reversal training continued until
an animal had achieved criterion performance again. The percentage of
correct arm choices per day was recorded for each animal during acqui-
sition and reversal training.

Social interaction and social novelty. Social behavior was assessed using
methods adapted from previous studies (Smith et al., 2007; Moy et al.,
2009). The testing apparatus comprised a rectangular, three-chambered
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Plexiglas box (61 � 40.5 cm). The chambers were separated by dividing
walls, which had openings (6 � 4 cm) that allowed the animals to move
between them. The doorways could be blocked by removable partitions.
Cylindrical wire grid cages (10 cm height, 11 cm bottom diameter, bars
horizontally and vertically spaced 9 mm apart) carrying a weighted cup
on top of the cage to prevent the test mice from climbing and remaining
on top of the wire cage were placed in each of the two side chambers. The
test procedures consisted of three 10 min phases: habituation, social
interaction, and social novelty. For habituation, each mouse was placed
into the center compartment and allowed to freely explore the entire box.
After this initial habituation period, the animal was enclosed in the center
compartment, and an unfamiliar, adult C57BL/6J male mouse (stranger
1) was placed in one of the wire cages, whereas a dummy mouse was put
into the other one. The doors were then reopened, and the animal was
allowed to explore the three chambers. The location of the stranger and
the dummy mouse alternated between the left and the right chambers
across subjects. At the end of this social interaction test, the preference of
each mouse for social novelty was assessed. The test animal was enclosed
in the center chamber, and the dummy mouse was replaced by a novel
unfamiliar mouse (stranger 2). The test animal was then again allowed to
explore the entire box. For all test sessions, the time spent in each cham-
ber and the time spent sniffing each cage (i.e., nose detection within a
circular area of 10 mm in diameter surrounding the cage) were recorded
using the Ethovision XT tracking system.

Amphetamine-induced locomotor activity. The test for amphetamine-
induced hyperlocomotor activity was conducted in the open-field appa-
ratus described above. Animals were first allowed to explore the arena for
30 min, were then injected with vehicle solution (isotonic 0.9% NaCl
solution, intraperitoneally, injection volume of 5 ml/kg), and were im-
mediately returned to the same arena for 30 min. Subsequently, the
animals were administered with D-amphetamine sulfate (2.5 mg/kg, in-
traperitoneally, injection volume of 5 ml/kg) and the locomotor response
to the acute drug challenge was observed over a period of 120 min. Data
collection was performed using the Ethovision tracking system. The dis-
tance traveled in the entire open-field arena was recorded and expressed
as a function of 5 min bins.

High-performance liquid chromatography
Postmortem neurochemical analyses using high-performance liquid
chromatography (HPLC) were performed as previously described (Enard et
al., 2009; Winter et al., 2009). The levels of monoamines dopamine (DA) and
serotonin (5-HT) and their metabolites dihydroxyphenylacetic acid
(DOPAC), homovanillic acid (HVA), and 5-hydroxyindoleacetic acid
(5-HIAA) in various brain areas were measured by HPLC with electro-
chemical detection. Glutamate, GABA, glutamine, and taurine levels in
the same brain regions were determined by HPLC with fluorescence
detection.

Immunohistochemistry
Tissue preparation. Animals were deeply anesthetized with pentobarbital
(Nembutal, 40 mg/kg body weight, intraperitoneally; Abbott Laborato-
ries) and transcardially perfused with PBS (pH 7.4, room temperature),
followed by ice-cold fixative [4% paraformaldehyde and 15% saturated
picric acid in 0.15 M phosphate buffer (PB), pH 7.4] as described previ-
ously (Fritschy and Mohler, 1995). Brains were removed immediately
after perfusion, postfixed in the same fixative for 4 h at 4°C, and im-
mersed in 10%, 20%, and then 30% sucrose diluted in PBS for cryopro-
tection before freezing. Coronal sections (40 �m) were cut with a
cryostat-microtome (model MGW Lauda 1720, Leitz) and collected in
PBS. Sections were then transferred into antifreeze solution (15% su-
crose and 30% ethylene glycol in 50 mM PB, pH 7.4) and stored at �20°C
until used. Before immunostaining, sections for some antigen stainings
were then processed with modified antigen retrieval protocols to opti-
mize the signal-to-noise ratio (Table S1, available at www.jneurosci.org
as supplemental material).

Immunostaining. Free-floating, bregma-matched sections from Nogo-
A �/ � and Nogo-A�/� mice were coded and batch processed under iden-
tical conditions to minimize staining variability. Sections were incubated
overnight at 4°C with primary antibodies (Table S1, available at www.

jneurosci.org as supplemental material) diluted in PBS containing 4%
normal goat serum and 0.05% Triton X-100. For GAP-43, S100, and
GFAP stainings, sections were then rinsed with 0.1 M PB and probed with
fluorescence-conjugated secondary antibodies coupled to Cy2 or Cy3
(Jackson ImmunoResearch Laboratories). For DA D2 receptor (D2R)
staining, primary antibodies were detected with biotinylated anti-
body, washed with PB, and probed with streptavidin Cy3 (Jackson
ImmunoResearch Laboratories). For cytoarchitectonic reference,
some sections were counterstained with Hoechst or NeuroTrace 640/
660 deep-red fluorescent Nissl stain (Invitrogen). Sections were
mounted on gelatin-coated slides, air dried, and finally coverslipped
with Mowiol (Calbiochem).

Densitometry. Microscopic analyses were conducted under strictly
blind conditions. Images were acquired using a cooled CCD camera
(CoolSnap HQ, Photometrics) attached to a Zeiss Axiophot microscope
(Zeiss) and collected using computer-assisted image analysis software
(MCID, Elite Software version 7.0, Imaging Research). For each animal,
the marker immunoreactivity (IR) in a given region was obtained from
bilateral densitometric measurements per section and evaluated using
the software ImageJ (NIH, Bethesda, MD). The background-corrected
optical densities were averaged per brain region and animal. The mean
relative optical densities of the wild-type animals were set as 1.0 for each
marker and brain region. For confirmation of the observed findings in
some markers at higher magnification and their representative illustra-
tion, images were also acquired with a spectral confocal microscope (TCS
SP2 AOBS, Leica Microsystems); only identical minimal contrast adjust-
ments were applied.

D2R IR was evaluated in the medial prefrontal cortex (including layers
II/III and V/VI of cingulate cortices 1/2), caudate–putamen, and nucleus
accumbens core and shell. Digital images were acquired using a 20�
objective (NA 0.5) and pixel brightness was measured in each brain area
of interest by placing three or four rectangular boxes of 160 � 200 �m in
the respective areas in both hemispheres. IRs for GAP-43, S100, and
GFAP were investigated in the medial prefrontal cortex, caudate–puta-
men, nucleus accumbens core and shell, CA1 (including all layers), CA3
(including all layers), and dentate gyrus (including granular and molec-
ular layers). Digital images were acquired using a 10� objective (NA 0.3)
and pixel brightness was measured in each brain area of interest by plac-
ing three or four rectangular boxes of 325 � 400 �m in the respective
areas in both hemispheres.

Analysis after acute Nogo-A neutralization in adult mice
Experimental groups. Two cohorts of adult Nogo-A�/� mice treated with
either anti-Nogo-A or control antibodies were used to assess whether
acute blockade of Nogo-A function could induce changes similar to those
observed after lifelong absence of Nogo-A function in the Nogo-A �/ �

mice. One cohort of mice was tested in the amphetamine-induced loco-
motor activity task. The second cohort was examined for D2R and
GAP-43 expression. As antibody availability was limited, we focused on
these particular analyses only. Behavioral and immunohistochemical
analyses were conducted after 2 weeks of antibody treatment.

Pump implantation and application of antibodies. Mice were deeply
anesthetized with Hypnorm (30 �l/20 g of body weight; 0.315 mg of
fentanyl citrate and 10 mg of fluanisone per ml; VetaPharma) and Dor-
micum (60 �l/20 g of body weight; 5 mg of Midazolamum per ml; Roche
Pharmaceuticals). A hole was drilled into the dorsal lamina of the second
lumbar vertebra, through which a fine catheter (32 G; Recathco) was
inserted into the intrathecal space and pushed up to T10. The catheter
was connected to the outlet of an osmotic minipump (Alzet Model 1002,
Charles River Laboratories), which was placed under the skin on the back
and filled with 600 �g of monoclonal anti-Nogo-A antibody (11C7) (for
details, see the study by Weinmann et al., 2006) or control monoclonal
IgG antibody (directed against the plant protein wheat auxin) (see also
Weinmann et al., 2006) in PBS, to deliver a constant amount of antibod-
ies into the CSF for at least up to 2 weeks. The anti-Nogo-A antibody
11C7 is monospecific for Nogo-A on Western blots and does not cross-
react with other Nogo splice variants (Dodd et al., 2005). Pumps and
antibody delivery to spinal cord and brain were verified at the end of the
experiments. Infused antibodies were detected by immunoperoxidase
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Nogo-A knock-out phenotypes, one cannot exclude the possibil-
ity that the loss of Nogo-A in the adult brain as such could not
contribute to their emergence. A rescue experiment by reintro-
ducing Nogo-A into the knock-out mice would help to answer
this question. Alternatively, examining the impact of Nogo-A
blockade during early neurodevelopmental stages on brain func-
tion in the adult would also be highly instructive. Several critical
time windows in fetal and early postnatal brain development
would have to be taken into account in this respect, however (see
Keshavan and Hogarty, 1999; Meyer et al., 2007). Because the
feasibility of antibody pump implantations in mice is limited and
its application in developing animals not possible, the generation
of temporally controlled Nogo-A knock-out mice using specific
gene induction systems (Wang et al., 1994; Kistner et al., 1996)
would be necessary. Nevertheless, the fact that a transient loss of
Nogo-A function in the adult CNS was not associated with
schizophrenia-like effects is of utmost importance with regard to
the ongoing clinical trials using function-blocking agents for
Nogo-A in spinal cord injured patients.

In conclusion, the present study shows that Nogo-A is rele-
vant for a wide spectrum of brain and behavioral functions. This
implies an important role for Nogo-A in development in general,
regardless of whether such behavioral, anatomical, and neuro-
chemical differences faithfully mimic schizophrenic symptoms.
Our findings thus bear broader significance for other neurode-
velopmental mental disorders such as autism. This genetic mouse
model holds additional heuristic value in elucidating the relevant
neurodevelopmental, epigenetic, and physiological mechanisms
that might be sensitive to Nogo-A polymorphisms. Characteriza-
tion of relevant molecular pathways would also be instrumental
in the identification of novel drug targets for therapeutic and
protective interventions.
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