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The membrane protein Nogo-A inhibits neurite out-

growth and regeneration in the injured central nervous

system, primarily because of its expression in oligoden-

drocytes. Hence, deletion of Nogo-A enhances regener-

ation following spinal cord injury. Yet, the effects of

Nogo-A deletion on general behavior and cognition have

not been explored. The possibility of potential novel

functions of Nogo-A beyond growth inhibition is

strongly suggested by the presence of subpopulations

of neurons also expressing Nogo-A – not only during

development but also in adulthood. We evaluated here

Nogo-A2/2 mice in a series of general basic behavioral

assays as well as functional analyses related to brain

regions with notable expression levels of Nogo-A. The

SHIRPA protocol did not show any major basic behav-

ioral changes in Nogo-A2/2 mice. Anxiety-related behav-

ior, pain sensitivity, startle reactivity, spatial learning,

and associative learning also appeared indistinguishable

between Nogo-A2/2 and control Nogo-Aþ/þ mice. How-

ever, motor co-ordination and balance were enhanced in

Nogo-A2/2 mice. Spontaneous locomotor activity was

also elevated in Nogo-A2/2 mice, but this was specifi-

cally observed in the dark (active) phase of the circadian

cycle. Enhanced locomotor reaction to systemic amphet-

amine in Nogo-A2/2 mice further pointed to an altered

dopaminergic tone in these mice. The present study is

the first behavioral characterization of mice lacking

Nogo-A and provides significant insights into the poten-

tial behavioral relevance of Nogo-A in the modulation of

dopaminergic and motor functions.
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Regeneration of injured fibers in the adult central nervous

system (CNS) is limited partly by neurite growth inhibitory
molecules present particularly in myelin (Caroni & Schwab

1988a,b; Filbin 2003; Schwab 2002, 2004); and Nogo-A is one
such major potent neurite growth inhibitor (Chen et al. 2000;

GrandPre et al. 2000; Prinjha et al. 2000; Spillmann et al.
1998). Nogo-A neutralizing antibodies can enhance regener-

ation and functional recovery after CNS damage (Brosamle
et al. 2000; Gonzenbach & Schwab 2008; Liebscher et al.

2005; Merkler et al. 2001; Schnell & Schwab 1990). Similarly,
Nogo-A knockout mice also exhibit enhanced regenerative

abilities following spinal cord injury (Dimou et al. 2006; Kim
et al. 2003; Simonen et al. 2003). Nogo-A therefore repre-

sents a major target for control of growth/regrowth in the
CNS, but its potential functional relevance beyond that has

not been well characterized. Moreover, it is still not known
whether the altered growth responses observed after Nogo-A

deletion would be associated with changes in neuronal net-
works or circuits that in turn would lead to altered behavior.

The answer to this question is of utmost relevance to the
ongoing clinical trials with anti-Nogo-A antibody treatment in

spinal cord injured patients.
It is now known that Nogo-A is not exclusively expressed in

oligodendrocytes as previously thought. Messenger RNA and
protein localization studies have shown that also subsets of

neurons in cerebellum, hippocampus, retina, and dorsal root
ganglia express Nogo-A (Huber et al. 2002; Hunt et al. 2003;

Josephson et al. 2001; Wang et al. 2002). Notably, neuronal
expression of Nogo-A is especially high during development

but is downregulated in most adult neuronal populations,

except in selected regions of high plasticity, for example
hippocampus (Huber et al. 2002; Meier et al. 2003). The

developmental and regional expression pattern of Nogo-A
strongly suggests that it may assume functions beyond

neurite growth inhibition, for example in neurodevelopment
and neural plasticity, although these possibilities have not

been comprehensively evaluated. The present study repre-
sents the first attempt in this direction by characterizing the

impact of constitutive Nogo-A deletion on general behavioral
brain functions in adult animals, paving the way for future

studies with more specific molecular manipulations and
refined behavioral analysis.

In this study, we first employed the SHIRPA protocol for
a qualitative assessment of abnormal behavioral traits in

Nogo-A knockout mice. Cerebellum-dependent motor co-
ordination and balance were evaluated next (Lalonde &

Strazielle 2007; Llinas & Welsh 1993) because specific
cerebellar neurons are known to strongly express Nogo-A

(Aloy et al. 2007; Huber et al. 2002; Hunt et al. 2003). As
Nogo-A is also expressed in the perinatal retinal ganglion cell

layer and the hypothalamus (Funahashi et al. 2008; Huber1These authors contributed equally to this work.
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et al. 2002; Hunt et al. 2003; Liu et al. 2002; V. Pernet,
personal communication), we also investigated here the cir-

cadian rhythm of general locomotor activity, which depends
on photoreception via retinal ganglion cells (Cermakian &

Sassone-Corsi 2000, 2002) and their anatomical links to
circadian centers located in various hypothalamic nuclei

(Guilding & Piggins 2007). Because the hippocampus is
another brain area with high Nogo-A levels (Huber et al.

2002; Hunt et al. 2003; Meier et al. 2003), hippocampal-
sensitive behavior, such as anxiety, associative learning and

spatial learning (Bannerman et al. 2004; Davidson & Jarrard
2004), was also examined here.

Materials and methods

Animals

The subjects were all adult male mice with an F1 C57BL/6J � 129X1/
SvJ hybrid background, containing one copy of each gene from each
of the two constituent pure inbred strains, as recommended by the
Banbury Conference on Genetic Background in Mice (1997).

Nogo-Aþ/� � Nogo-Aþ/� breeding (�10 generations) indepen-
dently in the C57BL/6J and 129X1/SvJ background allowed the
generation of Nogo-A�/�, Nogo-Aþ/� and Nogo-Aþ/þ littermates in
each background strain in parallel. Nogo-A�/� and Nogo-Aþ/þ litter-
mates (from both strains) were paired as described below to produce
the experimental subjects used in the present study. Nogo-A knock-
out mice were F1 hybrid mice generated by interstrain crossing of
Nogo-A�/�mice. In parallel, age-matched control wild-type (Nogo-Aþ/þ)
F1 hybrid mice were obtained from interstrain crossing of Nogo-Aþ/þ

mice. In each experiment, the subjects were always derived from
multiple litters. Full details of the initial generation of the Nogo-A�/�

mouse line have been reported before (Dimou et al. 2006; Simonen
et al. 2003). Standard polymerase chain reaction procedures were
used to verify the animals’ genotype using genomic DNA isolated
from tail tips as previously described (Simonen et al. 2003).

The animals were housed on a reversed 12/12-h light/dark cycle
(lights on at 2000 h) under temperature-controlled (218C) and humidity-
controlled (55%) conditions. Littermates were caged in groups of four
to eight and maintained with ad libitum food and water. Behavioral
testing was carried out when the mice were 2–4 months old and took
place during the dark phase of the light/dark cycle (except for the 24-h
monitoring of home cage activity experiment). All animals were
experimentally naive except in the Plantar Heater test used to assess
pain sensitivity and the test for amphetamine (AMPH)-induced loco-
motor activity. The exact number of mice used in each experiment is
clearly specified in each respective results section. 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).

SHIRPA protocol – primary screen

The SHIRPA primary screen is a standardized battery of tests
designed to provide a behavioral and functional profile of mice by
observational assessment. The protocol was carried out as described
in full details elsewhere (Rogers et al. 1997; also see www.mgu.har.
mrc.ac.uk/mutabase/shirpa_1.html).

Briefly, each mouse was first placed into a viewing jar (perspex
cylinder, 15 cm in diameter), which was located on top of a grid. Body
position and activity, as well as pathological signs such as respiratory
difficulties and body tremor, were evaluated for 5 min. The number
of defecations was also counted. The animal was then transferred to
an arena (transparent perspex box, 55 � 33 � 18 cm) containing
15 squares on the floor (11 � 11 cm). Transfer arousal and locomotor
activity (as the number of square crossings over 30 s) were then
recorded. The following behaviors were measured next: eye opening,

piloerection, the startle response to a 90 dB sound from a clickbox,
gait, pelvic and tail elevation. Themousewas then stroked from above
for evaluating touch escape, and the struggle response to sequential
handling was subsequently examined. Lowering the animal by the tail
toward a wire grid allowed assessment of trunk curl, limb grasping
and visual placing responses. Grip strength exerted on the wire was
tested by gently pulling the mouse by the tail. While the mouse was
gently restrained, body tone, toe pinch, pinna and corneal reflexes
were checked. The animals’ forepaws were then placed onto
a horizontal wire bar, and its ability to lift the hindlimbs and remain
on the wire (wire maneuver) was evaluated. Thereafter, the mouse
was held in a restraint supine position for assessment of skin color,
heart rate, abdominal and hindlimb tone, lacrimation, salivation as well
as a biting response provoked by a plastic probe. Next, the righting
reflex was tested by observing the animals’ landing position after
performing a somersault. In the contact righting reflex test, the
mouse was placed inside a small plastic tube and then rotated to
check whether it is able to return to the original body position. The
negative geotaxis test consisted in placing the animals face down on
a vertically oriented grid, and noting the ability to turn and climb
toward the top. The test battery was then completed with general
estimations of fear, irritability, aggression, vocalization, body weight
as well as unusual neurological signs, such as paw clasping. Seven
behavioral characteristics that are representative of the behavioral
categories assessed in the SHIRPA primary screen are displayed in
the Results part in detail.

Plantar heater test

The level of nociception for hindpaws was evaluated by performing
the standardized plantar heater test (Ugo Basile Biological Research
Apparatus, Comerio, Italy) with an infrared source producing a cali-
brated heating beam (diameter 1 mm) as described before (Liebscher
et al. 2005). The mice tested in this experiment had already under-
gone the SHIRPA primary screen. After one initial measurement, the
latency for paw withdrawal was determined in four successive trials
per hindpaw with an intertrial interval (ITI) of 5 min, and expressed as
mean latency over all test trials.

Acoustic startle response

Acoustic startle reactivity was assessed by using a set of four
acoustic startle chambers (SR-LAB; San Diego Instruments, San
Diego, CA, USA) as previously described (Pietropaolo et al. 2008a,
b). Vibrations of the Plexiglas enclosure (which housed the animal
during test) caused by the animal’s whole-body startle response were
recorded. A series of discrete trials comprising various acoustic white
noise stimuli was presented in a trial-discrete manner against
a constant background noise level of 65 dBA. Stimuli of various
intensities were used: 69, 73, 77, 81, 85, 90, 95, 100, 110 and
120 dBA at either 20 ms or 40 ms in duration.

A session began with the animals being placed into the Plexiglas
enclosure. The first trial began after a 2-min acclimatization period.
The first six trials were performed with the highest intensity acoustic
stimulus (120 dBA: at 20 ms duration in three trials and 40 ms in the
other three) to habituate and stabilize the animals’ startle response.
Subsequently, there were five blocks of discrete trials. Each block
consisted of 20 trials, one for each stimulus intensity and stimulus
duration. All trials were presented in a pseudorandom order, and the
interval between successive trials was variable, with a mean of 15 s.

Accelerating rotarod

This test measures motor co-ordination on a rotating rod (Crawley
2000; Crawley et al. 1997). The device consisted of a rotating drum
divided into five separate lanes by opaque disks (Ugo Basile Biological
Research Apparatus). Each lane had its own digital timer and display.
The experiment was conducted as previously described (Aloy et al.
2007). Mice were placed on the appropriate lanes and the timers were
started. The rotation rate of the drum was linearly increased from 4 to
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40 r.p.m. over a period of 5 min. A trial ended when the animal fell off
the rotating drum and thereby activating the landing pad that stopped
automatically the timer, or when a maximum of 5 min had elapsed.
The latency to fall was recorded to index performance. Each mouse
was given four trials per day with an ITI of 1 h over three consecutive
days.

Spontaneous activity and circadian rhythm

Circadian locomotion was assessed in 16 chambers made of Plexi-
glas, each located within a sound-attenuating wooden cabinet. The
mice were kept individually to each chamber undisturbed throughout
the duration of the experiment for 14 days. Each chamber measured
25 � 40 � 40 cm. Food was accessible from the food hopper
mounted on one side wall through a metal grid; water was provided
by a drinking bottle with its drinking sprout protruding into the same
side wall. The floor tray was filled with rodent sand (Acapulco
Badesand; Qualipet AG, Dietlikon, Switzerland) to provide a light
background to allow effective detection of the subjects. Illumination
within each chamber was provided by a 4-W light, which was
controlled by a timer programmed to be switched on daily from
2000 h to 0800 h. A ventilation fan was mounted on the back wall of
each cabinet that also provided a stable level of background noise. A
digital camera was positioned 49 cm above the area of interest in
each chamber to allow continuous assessment of locomotor activity
with a software developed in-house (P. Schmid, Laboratory of
Behavioral Neurobiology, ETH Zurich; Russig et al. 2003). Briefly,
successive 8-bit gray-scale images at 1-s apart were compared and
the number of pixels differing between the two images were
quantified and expressed as percentage pixel change relative to the
total pixels in each frame (Richmond et al. 1998). To index circadian
locomotor activity rhythm, the activity measure (percent second-by-
second pixels changes) was averaged to provide an hourly score.

Locomotor reaction to systemic AMPH

The test for AMPH-induced locomotor activity was conducted in the
activity chambers described above, and the mice used here had
already undergone the spontaneous activity experiment. On the first
day of the experiment, the animals were removed from the apparatus,
injected with vehicle (isotonic 0.9% NaCl, intraperitoneally, injection
volume of 5 ml/kg) solution and immediately placed back into the
chambers. Locomotor activity was then measured for 3 h as
described before. Forty-eight hours after the vehicle injection, they
were again removed from the apparatus and then administered with
D-amphetamine sulfate (2.5 mg/kg, intraperitoneally, injection volume
of 5 ml/kg). They were then immediately returned to the same
chamber again, and the locomotor response to the acute drug
challenge was monitored for another period of 3 h. The activity data
from the two phases of the experiment were quantified across
successive 10-min bins.

Elevated plus maze

This test allows the assessment of anxiety-like behavior in rodents
(Handley & Mithani 1984; Lister 1987; Pellow et al. 1985). An opaque
and a transparent Plexiglas plus maze were used in the current study,
as variation in the transparency of the closed arms has been
suggested to ameliorate interpretation of elevated plus maze behavior
particularly in transgenic mice (Hagenbuch et al. 2006). Each maze
consisted of two open (30 � 5 cm) and two enclosed arms (30 � 5
� 15 cm). The arms radiated from a central platform (5 � 5 cm), and
the entire apparatus was raised to a height of 70 cm above floor level.
Testing was carried out under dim lighting conditions (30 lx in the
open arms of the mazes). The test session started when the animal
was placed on the central platform facing an open arm. The mouse
was then allowed 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 PC running the Ethovision tracking
system (Noldus Technology, Wageningen, The Netherlands). The

following measures were computed: Percent open arm entries [open
arm entries/(open þ closed arm entries) � 100%], percent time
spent in the open arms [time in open arms/(time in open þ closed
arms) � 100%], and total distance traveled (in cm).

Conditioned freezing

Next, we investigated the acquisition, retention and extinction of
a conditioned response acquired through Pavlovian fear conditioning
(Maren 2001). The experiment was performed using two sets
(identified here as context A and context B) of four chambers as fully
described by Meyer et al. (2005). Conditioning and the subsequent
test of context freezing were conducted in context A, whereas tests
of conditioned freezing to the tone conditioned stimulus (CS) were
conducted in context B.

Briefly, context A consisted of four metal operant boxes (30 � 25
� 29 cm; model E10-10; Coulbourn Instruments, Allentown, PA,
USA), each installed in a ventilated and sound-insulated Coulbourn
Instruments chest. The animal was confined to a rectangular enclo-
sure (17.5 � 13 cm) in the middle of the operant box. The grid floor
was made of stainless steel rods (4 mm in diameter) spaced at
10 mm intervals center to center, through which scrambled electric
shocks [unconditioned stimulus (US); 0.25 mA] could be delivered
(model E13-14; Coulbourn Instruments). Constant illumination was
provided by a 2.8-W incandescent house light in each chamber.
Context B comprised four semicircular (19 cm in diameter) Plexiglas
enclosures resting on a smooth plastic floor. Each chamber was
installed in a ventilated, sound-insulated, wooden cabinet and with
illumination similar to that described for context A.

All chambers were equipped with a sonalert (model SC628;
Mallory, Indianapolis, IN, USA) for the delivery of an 86 dBA tone
serving as the CS. In addition, a digital camera was mounted 30 cm
directly above the area of interest in each chamber, and images were
captured at a rate of 1 Hz. Freezing behavior was evaluated by
comparing successive frames as described before (Richmond et al.
1998).

The test procedures consisted of three phases: conditioning
(context A), context test (context A) and tone tests (context B).
Conditioning comprised three successive trials of CS–US pairings.
Each trial began with the 30-s tone stimulus followed immediately by
the delivery of a 1-s foot shock. Each trial was preceded and followed
by a 180-s interval (ITI). 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,
assessing the conditioned response to the tone CS, was conducted
another 24 h later. Following a 180-s acclimatization period, the tone
was turned on for 480 s. The tone test was repeated again 24 and
48 h later, thus allowing the evaluation of extinction of the conditioned
response between-days.

For the conditioning session, the percentage of time spent freezing
during the 30-s tone presentations and across successive 180-s ITIs
was calculated. The percentage time freezing was expressed in 1-min
bins for the context and tone test sessions.

Two-way active avoidance learning

This task captures both elements of 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 foot shock (i.e. negative reinforcement). The apparatus
consisted of four identical two-way shuttle boxes (model H10–11M-
SC; Coulbourn Instruments) as fully described before (Meyer et al.
2008). Electric shocks (0.3 mA) could be delivered through the grid
floor that was connected to a constant current shock generator
(model H10–1M-XX-SF; Coulbourn Instruments). The CS was an 86-
dBA tone generated by a tone module (model E12-02; Coulbourn
Instruments). Shuttle responses were detected by a series of photo-
cells (H20–95X; Coulbourn Instruments) mounted on the side of both
shuttle compartments.

Animals were placed in the shuttle chambers and received a total of
100 conditioned avoidance trials presented according to a sequence
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of random ITIs of 40 � 15 s. The first trial started after an initial
interval of an average of 40 s. A trial began with the onset of the tone
CS. If the animal shuttled within 5 s of CS onset, the CS 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 CS. 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 learning, the mean
number of avoidance shuttles performed across successive 20-trial
blocks was calculated. To index general locomotor activity, the
number of spontaneous shuttles performed during ITIs was also
recorded.

Spatial learning in the Morris water maze

Spatial learning was assessed using the Morris water maze. The
water maze consisted of a white circular tank made of fiberglass
(diameter 102 cm, height 36 cm) and was positioned in the middle of
a well-lit testing room enriched with distal visual cues. The water
maze was daily filled with fresh tap water to a depth of 19 cm, and the
temperature was maintained at 24 � 18C. A transparent solid Plexi-
glas cylinder (diameter 12 cm, height 18.5 cm) was used as an
escape platform. Its top was submerged 0.5 cm below the water
surface, remaining invisible to the animals. It could be made visible by
mounting a white circular disk (diameter 12 cm), 10 cm above the
platform. A digital camera was installed above themaze. Images were
captured at a rate of 5 Hz and transmitted to a PC running the
Ethovision tracking system (Noldus Technology).

On the first day, the animals were pretrained in the water maze
using the visible platform (positioned in the center of the maze) for
two consecutive trials. This served to familiarize the animals with the
water maze. To begin a trial, an animal was gently placed into the
water against the maze wall at one of the four cardinal positions (N, E,
S or W). An animal was allowed a maximum of 60 s to locate the
escape platform. It was guided to the platform by the experimenter if
it failed to locate the platform within 60 s. The mouse was allowed to
spend 15 s (ITI) on the platform before commencement of the next
trial. All animals acquired the swimming response and were able to
climb onto the escape platform.

To assess reference memory, the animals were then trained to
locate the hidden platform over the next 5 days (days 2–6). The
platform location was positioned at a fixed location in the middle of
one of the four quadrants (NE, SE, SW or NW) and the allocation of the
target quadrant was counterbalanced across subjects. The animals
were trained for four trials per day with an ITI of 15 s and the starting
position randomly varied from trial to trial among the four possible
positions (N, E, S and W). The sequence of starting positions across
trials also varied from day to day. The escape latency, path length and
average swim speed were recorded in every trial. On day 7, a probe
trial was performed in which the platform was removed from the
maze and each animal’s search pattern was evaluated for 60 s. Each
animal was released from a location opposite to its target quadrant.
The percentage time spent in each quadrant and the number of
crossings over the former platform location (annulus crossings) was
calculated to index search accuracy.

To assess reversal learning, animals were trained over the next
3 days (days 8–10) as described for the reference memory task
except that the location of the platform was moved to the middle of
the opposite quadrant. On the next day (day 11), another probe test
was performed as described above.

Statistics

All behavioral data (except SHIRPA primary screen scores) were
subjected to parametric analysis of variance (ANOVA) of the appropriate
design, followed by supplementary restricted ANOVAs to assist data
interpretation whenever adequate. Post hoc pairwise comparisons
were performed using Fisher’s least significant difference (LSD) test
(based on the relevant pooled error variance from the ANOVA table) with
appropriate Bonferroni correction. Data from startle reactivity were
logarithmically (based e) transformed before analysis to better con-

form to the assumptions of parametric ANOVA. Scores obtained in the
SHIRPA primary screen were analyzed using the Mann–Whitney U-
test. All statistical analyses were conducted using the statistical
software SPSS for Windows (release 14.0; Chicago, IL, USA).

Results

Behavioral performance in the SHIRPA primary screen

is not affected in mice lacking Nogo-A

We assessed a general behavioral observation profile using
the standardized SHIRPA primary screen. No genotype effect

was detected for any of the scored measures (n ¼ 12/group).

Figure 1 depicts seven behavioral characteristics that are
representative of the behavioral categories addressed: grip

strength (U ¼ 72.0, P ¼ 1.000), corneal reflex (U ¼ 66.0,
P ¼ 0.755), toe pinch (U ¼ 58.0, P ¼ 0.443), fear (U ¼ 66.0,

P ¼ 0.755), irritability (U ¼ 60.0, P ¼ 0.514), vocalization (U ¼
54.0, P ¼ 0.319) and locomotor activity (U ¼ 53.5, P ¼
0.291). Together, these data do not suggest the presence
of any gross neurological or physical abnormalities in the

Nogo-A�/� mice.

Pain sensitivity is not affected in mice lacking Nogo-A

The plantar heater test was used to test pain sensitivity.
Nogo-A�/� and Nogo-Aþ/þ mice (n ¼ 12/group) displayed

comparable latency in paw withdrawal (mean withdrawal
latency in seconds � SEM ¼ 1.86 � 0.15 vs. 1.65 � 0.17,

respectively). The main effect of genotype was far from
statistical significance (F < 1). Hence, there was no evidence

Figure 1: No effect of Nogo-A deletion on behavioral perfor-

mance in the SHIRPA primary screen. Scores for seven

behavioral features that are representative of all behavioral

categories tested are shown. Grip strength was scored from

0 (absence of grip) to 3 (strong grip). Paw withdrawal response to

toe pinch was scored from 0 (no withdrawal) to 3 (fast with-

drawal). Corneal reflex was scored from 0 (no eyeblink reflex) to 2

(multiple eyeblinks). Fear, irritability and vocalization were scored

0 (absence) or 1 (present). Locomotor activity was scored as

number of squares entered by all four feet within 30 seconds.

Values are expressed as box plots showingmedian, 25th and 75th

percentiles, and outliers; n ¼ 12/group.
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to suggest that the two groups differed in the perception or
reaction to painful stimulation.

Acoustic startle reactivity is not affected in mice

lacking Nogo-A

Next, reaction to external stimulation was evaluated by

assessment of the whole-body startle reflex. Acoustic stimuli
in the form of white noise across a wide range of intensities

were used. As shown in Fig. 2, the magnitude of the startle
reaction increased monotonically with increasing stimulus

intensity; and the two groups of mice (n ¼ 7/group) showed

highly similar response magnitudes across the range of
stimuli. A 2 � 2 � 10 (genotype � stimulus duration � stimu-

lus intensity) split-plot ANOVA of (ln-transformed) reactivity
showed a main effect of stimulus intensity (F9,108 ¼ 24.54,

P < 0.001). Neither the main effect of genotype (F < 1) nor its
interaction with stimulus intensity (F < 1) was significant. The

startle reaction was not dependent on stimulus duration
(Fs < 1). Hence, there was no evidence for any difference in

startle reactivity in mice lacking Nogo-A.

Improved motor co-ordination in mice lacking

Nogo-A

Motor co-ordination and balance was assessed using the
accelerating rotarod test (Fig. 3). A 2 � 3 � 4 (genotype �
days � trials) split-plot ANOVA of latency to fall pointed to
a general improvement in motor performance within as

well as between days (n ¼ 15/group; days: F2,56 ¼ 37.96,

P < 0.001; trials: F3,84 ¼ 6.80, P < 0.001; days � trials:
F6,168 ¼ 7.13, P < 0.001). However, Nogo-A�/� mice dis-

played a significant improvement in motor co-ordination

compared with Nogo-Aþ/þ mice (genotype: F1,28 ¼ 8.19;

P < 0.01). This effect appeared to be stable over days and
trials, as suggested by the lack of any interaction with the

factor genotype (genotype � days: F2,56 ¼ 1.74, P ¼ 0.185;
genotype � trials: F3,84 ¼ 1.25, P ¼ 0.298).

Increased locomotor activity in mice lacking Nogo-A

specific to the dark phase of the daily light–dark cycle

Locomotor activity was monitored continuously over 14 days
under single-cage conditions, allowing the assessment of

circadian rhythm of locomotor activity under a standard 12/12-
h light/dark cycle (n ¼ 8/group). As shown in Fig. 4a, activity

exhibited a characteristic variation across the 24-h period.
There was a clear reduction in the activity level over the

course of the light phase, when Nogo-A�/� and Nogo-Aþ/þ

mice were largely comparable. This was followed by a more

sustained elevation of activity in the dark phase, andNogo-A�/�

mice were consistently more active than Nogo-Aþ/þ controls

throughout this period of darkness. Thus, absence of Nogo-A
was associated with increased spontaneous locomotor activity

preferentially in the dark phase (Fig. 4b), which is the active
phase for the murine species. These interpretations of the data

were confirmed by a 2 � 14 � 2 � 12 (genotype � days �
phases � hours) split-plot ANOVA of hourly activity data across

the 14-day test period, which yielded a significant effect of
phases (F1,14 ¼ 54.71, P < 0.001), and of its interaction with

genotype (F1,14 ¼ 6.55, P < 0.05). The latter was indicative of
the phase-specific hyperactivity effect seen inNogo-A�/�mice,

which was accompanied by a main effect of genotype just
failing to attain statistical significance (F1,14 ¼ 4.13, P ¼ 0.06).

Figure 2: Normal acoustic startle reactivity in Nogo-A�/�

mice. The (ln-transformed) intensity of startle reaction, expressed

as a function of stimulus intensity and collapsed across the two-

stimulus durations of 20 and 40 ms. Values are expressed as

mean � SEM; n ¼ 7/group.

Figure 3: Increasedmotor co-ordination performance on the

accelerating rotarod in Nogo-A�/� mice. Latency to fall in the

accelerating rotarod task. Nogo-A�/� mice showed significantly

enhanced motor co-ordination compared with wild-type mice.

Values are expressed as mean � SEM; n ¼ 15/group. Asterisks

(**P < 0.01) denote the significant difference between geno-

types across the 3 days of testing.
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Supplementary analyses restricted to either phase showed

that while the genotype effect was significant in the dark phase
(F1,14 ¼ 5.23, P < 0.05), it was far from being significant in the

light phase (F1,14 ¼ 1.02, P ¼ 0.329). Finally, there was no
indication that this effect of Nogo-A deletion varied significantly

across days: neither the genotype � days interaction (F < 1)
nor the genotype � days � phases interaction (F13,182 ¼ 1.21,

P ¼ 0.277) approached statistical significance.

Increased sensitivity to systemic AMPH in mice

lacking Nogo-A

Next, the locomotor response to AMPH was evaluated

(Fig. 5). There was no significant difference between the
groups after saline injection, as shown by a 2 � 18 (genotype

� 10-min bins) split-plot ANOVA of locomotor activity (geno-
type: F < 1; genotype � 10-min bins: F < 1; Fig. 5a). Follow-

ing injection of systemic AMPH, the locomotor activity of all
animals clearly increased, but this effect was notably more

pronounced in the Nogo-A�/� mice (Fig. 5b). This impression
was confirmed by a 2 � 18 (genotype � 10-min bins) split-

plot ANOVA, which yielded a significant effect of 10-min bins
(F17,238 ¼ 23.17, P < 0.001) and of its interaction with geno-

type (F17,238 ¼ 1.80, P < 0.05; genotype: F1,14 ¼ 2.58,

P ¼ 0.130).

Anxiety-like behavior is not affected in mice lacking

Nogo-A

Here, we employed two designs of the elevated plus maze
test of anxiety to assess whether Nogo-A deletion would be

associated with either anxiogenesis or anxiolysis. In both test
designs, no differences in anxiety-related behavior were

detected between groups (n ¼ 12/group). Analysis of either

percent open arm entries (Fig. 6a) or percent time spent in
open arms (Fig. 6b) failed to yield any genotype effect (Fs < 1).

As expected (Hagenbuch et al. 2006), the transparent maze
promoted open arm exploration compared with the opaque

one (percent open arm entries: F1,44 ¼ 60.24, P < 0.001;
percent time spent in open arms: F1,44 ¼ 25.85, P < 0.001),

and this effect was independent of genotype (genotype �
maze interactions: percent open arm entries: F1,44 ¼ 1.61,

P ¼ 0.211; time spent in open arms: F < 1; Fig. 6a,b). Total
distance traveled (as an activity measure) in the maze did not

differ between groups (genotype: F1,44 ¼ 2.71, P ¼ 0.107;
data not shown). Hence, Nogo-A knockout does not seem to

Figure 4: Increased locomotor activity

during the dark phase in Nogo-A�/�

mice. (a) Circadian activity across 14 days

under a 12/12-h light/dark cycle, and (b)

mean locomotor activity during the light

vs. dark phase of the cycle. Both groups

displayed a rhythmic circadian locomotion

pattern (a). However, Nogo-A�/� mice

showed higher activity during the dark

phase of the cycle compared with Nogo-

Aþ/þ mice (a, b). Values are expressed as

mean � SEM; n ¼ 8/group; *P < 0.05,

**P < 0.01.

Figure 5: Enhanced sensitivity to the

motor-stimulant effect of AMPH. Locomotor

activity after (a) vehicle or (b) systemic AMPH

administration. Both groups exhibited similar

activity levels after vehicle (saline) injection (a),

and the administration of AMPH led to a general

increase in locomotor activity (b). However,

Nogo-A�/� mice displayed significantly higher

activity levels after AMPH treatment than No-

go-Aþ/þ mice (b). Values are expressed as

mean � SEM; n ¼ 8/group. SAL, saline (vehicle).

Post hoc pairwise comparisons using Fisher’s

LSD with Bonferroni correction for 18 compar-

isonswere performed on the significant genotype

� 10-min bins interaction and significance is

denoted by *P < 0.05, **P < 0.01.
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be associated with any significant changes in anxiety-related
behavior.

Pavlovian associative learning is not affected in mice

lacking Nogo-A

Pavlovian associative learning was assessed using the con-
ditioned freezing paradigm (Fig. 7).

On day 1, the development of conditioned freezing was
evaluated by the amount of freezing across successive

presentations of the CS when it was followed by the shock
US in the conditioning session. Both groups (n ¼ 6/group)

displayed a comparable increase in the levels of freezing in
the presence of the CS across the three trials of CS–US

pairings as yielded from a 2 � 3 (genotype � trials) split-plot
ANOVA (trials: F2,20 ¼ 56.29, P < 0.001; genotype: F < 1;

genotype � trials: F < 1; Fig. 7a). On day 2, contextual
freezingwas evaluated (Fig. 7b) and a 2 � 8 (genotype � 1-min

bins) split-plot ANOVA did not show any difference between
Nogo-A�/� andNogo-Aþ/þ mice (genotype: F < 1; genotype �
1-min bins: F < 1).

Next, conditioned freezing to the tone CS was evaluated
across three successive test days (days 3–5: i.e. 48, 72 and 96

h after conditioning) as illustrated in Fig. 7c. First, the level of
freezing in the 3 min before the onset of the CSwas generally

low and comparable between Nogo-A�/� and Nogo-Aþ/þ

mice. A 2 � 3 � 3 (genotype � days � 1-min bins) split-plot

ANOVA of the pre-CS freezing levels did not yield any significant
effect (all Fs < 1). Second, the expression of conditioned

freezing was also comparable between groups across the
3 days of retention test. A 2 � 3 � 8 (genotype � days � 1-

min bins) split-plot ANOVA of percent time freezing to the CS
failed to yield any evidence of an effect of genotype or its

interaction (genotype: F < 1; genotype � bins: F7,70 ¼ 1.82,
P ¼ 0.098).

Figure 6: Normal anxiety-like behavior in the elevated plus

maze in Nogo-A�/� mice. (a) Percentage of open arm entries

and (b) percentage of time spent in the open arms on the elevated

plus maze. Values are expressed as mean � SEM; n ¼ 12/group.

Figure 7: Unaltered conditioned freezing and extinction of

fearful memories inNogo-A�/� mice. (a) Expression of freezing

behavior toward the tone CS across the three conditioning trials.

(b) Percentage of time spent freezing to the context 24 h after

conditioning and (c) percentage of time spent freezing to the tone

CS 48, 72, and 96 h after conditioning in the conditioned freezing

paradigm. Values are expressed as mean � SEM; n ¼ 6/group.
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Evidence for within- as well as between-day extinction was
supported by the presence of a significant main effect of bins

(F7,70 ¼ 19.49, P < 0.001), days (F2,20 ¼ 13.96, P < 0.001)
as well as their interaction (F14,140 ¼ 3.96, P < 0.001). There

was no evidence that the extinction learning across days was
affected by the deletion of Nogo-A (genotype � days: F < 1).

Active avoidance learning is not affected in mice

lacking Nogo-A

The two-way active avoidance paradigm involves both Pav-

lovian and instrumental associative learning to achieve effec-

tive avoidance learning. Acquisition of the avoidance
response was evident in both groups (n ¼ 8/group) as

indicated by the increase in the number of avoidance
responses over successive 20-trial blocks shown in Fig. 8a.

This impression was supported by a main effect of 20-trial
blocks (F4,56 ¼ 57.15, P < 0.001) emerging from a 2 � 5

(genotype � 20-trial blocks) split-plot ANOVA of the number
of avoidance responses. Consistent with the outcome of the

conditioned freezing experiment, no significant group differ-
ence was detected (genotype: F < 1; genotype � 20-trial

blocks: F < 1). A 2 � 5 (genotype � 20-trial blocks) split-plot
ANOVA showed that the number of spontaneous shuttles

during the ITI periods decreased over blocks (20-trial blocks:
F4,56 ¼ 20.60, P < 0.001), and this was equivalently

observed in both groups (genotype: F1,14 ¼ 1.01, P ¼ 0.333;
genotype � 20-trial blocks: F4,56 ¼ 2.10, P ¼ 0.093; Fig. 8b).

This suggested that althoughNogo-A�/�mice were exhibiting
hyperactivity in home cage activity assessment (see above),

this did not lead to changes in shuttle behavior here that might
have confounded our evaluation of avoidance learning. Taken

together, there was no indication that Nogo-A�/� mice
showed any abnormality in the two paradigms of associative

learning included in the present study.

Spatial learning is not affected inmice lacking Nogo-A

Next, we went on to assess spatial learning using the water
maze reference memory paradigm (Fig. 9). Escape perfor-

mance showed improvement during acquisition in both
groups (n ¼ 10–11/group), which remained comparable

throughout the 5-day acquisition period (Fig. 9a). Separate
2 � 5 � 4 (genotype � days � trials) split-plot ANOVAs of

escape latency and path length only yielded a significant
effect of days (escape latency: F4,76 ¼ 33.03, P < 0.001; path

length: F4,76 ¼ 33.21, P < 0.001, data not shown), but no
significant effect of genotype or any interaction (all Fs < 1).

No significant difference in swim speed between groups was
observed (data not shown). The first probe test was con-

ducted the day after acquisition, and search behavior distribu
ted across the four quadrants during the 60-s period appeared

comparable between genotypes (Fig. 9b). A 2 � 4 (genotype �
quadrants) split-plot ANOVA of percentage time spent per quad-

rant showed a highly significant quadrants effect (F3,57 ¼ 23.68,
P < 0.001), but no significant effect of the factor genotype or its

interaction with quadrants (genotype: F1,19 ¼ 1.40, P ¼ 0.252;
genotype � quadrants: F3,57 ¼ 1.46, P ¼ 0.235). Analysis of

the number of annulus crossings did also not yield an effect of

genotype (F < 1).
Reversal learning was assessed over the next 3 days

(Fig. 9c). Improvement of escape performance was evi-
denced by the emergence of a significant effect of days from

separate 2 � 3 � 4 (genotype � days � trials) split-plot AN-

OVAs of escape latency and path length (escape latency:

F2,38 ¼ 33.60, P < 0.001; path length: F2,38 ¼ 29.18, P
< 0.001, data not shown). Again, no significant difference

between genotypes was observed (all Fs < 1). Swim speed
throughout reversal learning was also comparable between

groups (data not shown). The probe test conducted the day
after reversal learning yielded results highly similar to the

first probe test (Fig. 9d). A 2 � 4 (genotype � quadrants)
split-plot ANOVA of percentage time spent per quadrant

showed a highly significant quadrants effect (F3,57 ¼ 23.08,
P < 0.001) but no significant effect of the factor genotype or

its interaction with quadrants (Fs < 1). And again, no signifi-
cant difference in the number of annulus crossings between

the groups was present (F < 1). Hence, these data do not
suggest any abnormality in spatial learning in mice lacking

Nogo-A.

Discussion

In the present study, we investigated a number of basic

behavioral phenotypes of mice lacking Nogo-A and provided
evidence for improved motor co-ordination, the presence of

spontaneous hyperactivity during the dark phase and drug-
induced hyperactivity in Nogo-A�/� mice. Thus, global dele-

tion of Nogo-A is sufficient to induce some specific behavioral
changes in adulthood, while it did not lead to gross abnor-

malities in a wide range of behavioral domains, including
various basic behavioral functions, nociception, startle reac-

tivity, anxiety-related behavior, spatial learning and associa-
tive learning.

The role of Nogo-A in inhibiting regeneration and neurite
outgrowth in the injured CNS has been well characterized

Figure 8: Unaltered conditioned avoidance learning in

Nogo-A�/� mice. (a) Number of avoidance responses per block

and (b) number of ITI crossings per block in the active avoidance

paradigm. Values are expressed as mean � SEM; n ¼ 8/group.
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(Schwab 2004). Normally, Nogo-A (and related molecules) in
the intact CNS may act as stabilizers of the highly complex

CNS fiber network (Maier & Schwab 2006; McGee et al.
2005). In addition, the widespread distribution of Nogo-A in

neurons in particular during development in the CNS as well
as peripheral nervous system (Huber et al. 2002; Hunt et al.

2003; Josephson et al. 2001; Wang et al. 2002) raises serious
speculation on its potential functions beyond neurite growth

control. Here, our initial screening of gross behavioral expres-
sion in Nogo-A�/� mice using the SHIRPA protocol (Rogers

et al. 1997) did not show any broad behavioral dysfunction in
terms of muscle and lower motor neuron function, spinocer-

ebellar function, sensory function and autonomic function.
These findings therefore suggest that Nogo-A is not essential

for such basic behavioral functions.
Neutralization of Nogo-A by specific antibody treatment has

been shown to induce transient profuse sprouting of unin-
jured fibers (Bareyre et al. 2002; Buffo et al. 2000; L.M.

Craveiro, unpublished data). Aberrant growth of primary
afferent fibers in spinal cord may lead to related neuropathol-

ogy such as neuropathic pain (McLachlan et al. 1993; Woolf &
Salter 2000). We therefore evaluated this hypothesis in Nogo-

A�/� mice, but did not obtain any evidence of hyperalgesia.

Thus, it appears that global deletion of Nogo-A did not affect
nociception. Furthermore, this suggests that pain perception

could not have been a confounding factor in the interpretation
of the other experiments involving potentially painful stimuli,

namely, in the conditioned freezing and active avoidance
experiments, in which an electric foot shock was used.

Expression of the acoustic startle reflex was also unaltered
in Nogo-A�/� mice. This indicated that neither the perception

of auditory stimuli nor reflexive reaction to acoustic stimula-
tion had been altered by Nogo-A deletion. This also excluded

additional confounding factors in the interpretation of the
findings from the conditioned freezing and active avoidance

experiments – these results were therefore not biased by
potential differences in sensitivity to the auditory stimuli used.

Normal motor co-ordination and balance critically depend
on the functional integrity of the brainstem and cerebellum

(Lalonde & Strazielle 2007; Llinas & Welsh 1993). Interest-
ingly, the cerebellum is one of the brain regions with high

expression levels of neuronal Nogo-A: during development
in Purkinje cells and throughout life in neurons of the deep

cerebellar nuclei (Aloy et al. 2007; Huber et al. 2002; Hunt
et al. 2003). Nogo-A�/� mice displayed markedly improved

motor co-ordination performance compared with Nogo-Aþ/þ

Figure 9: Unaltered spatial learning and

reversal in the Morris water maze in

Nogo-A�/� mice. Escape latency to reach

the hidden platform during (a) acquisition

and (c) reversal, respectively. Performance

of search behavior, expressed as percent

time spent in each quadrant and number of

annulus crossings, on (b) probe trial 1 fol-

lowing the initial acquisition and (d) probe

trial 2 following reversal learning. Values are

expressed as mean � SEM; n ¼ 10 (wild-

type mice), n ¼ 11 (knockout mice). Target,

target quadrant; Adj-Left, quadrant left adja-

cent to target; Adj-right, quadrant right adja-

cent to target; Opposite, quadrant opposite

to target.
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animals in the rotarod test. This finding complements an
earlier report showing that transgenic mice overexpressing

Nogo-A in adult Purkinje cells were impaired in motor co-
ordination (Aloy et al. 2007). The latter deficit was linked to

a progressive dysfunction of Purkinje cells, especially of
synapses located in deep cerebellar nuclei, suggesting that

excessive Nogo-A might destabilize these synapses (Aloy
et al. 2007). One may therefore speculate that the absence

of Nogo-A might enhance synapse formation and stabiliza-
tion, particularly at Purkinje cell – deep cerebellar nuclei

synapses, which thereby led to the observed improvement
in motor co-ordination. This concept is relevant for the

results in the present study as Purkinje cells and deep
cerebellar nuclei neurons express considerable levels of

Nogo-A in development (Purkinje cells) or throughout life.
However, the mechanisms at the physiological and network

levels underlying this behavioral phenotype in Nogo-A�/�

mice would certainly require further investigation and

characterization.
Circadian clocks are the regulators of circadian rhythms,

and they critically rely on synchronizers such as light (Cerm-
akian & Sassone-Corsi 2000, 2002; Reppert & Weaver 2001).

The underlying photoreceptive processes involve pathways
going through retinal ganglion cells, targeting the suprachias-

matic nucleus, a main circadian oscillator (Cermakian &
Sassone-Corsi 2000, 2002; Moore et al. 1995). To evaluate

if Nogo-A expression in retinal ganglion cells and the hypo-

thalamus (Funahashi et al. 2008; Huber et al. 2002; Hunt et al.
2003; Liu et al. 2002; V. Pernet, personal communication)

may be essential to circadian clock-dependent processes
such as the maintenance of circadian activity rhythms, we

studied circadian locomotor activity under a standard 12/12-h
light/dark cycle. The presence of circadian-dependent home

cage locomotor activity was clearly observed in both Nogo-
A�/� and Nogo-Aþ/þ mice. Against this background, the

activity level of Nogo-A�/� mice was significantly enhanced
in the dark phase of the cycle relative to Nogo-Aþ/þ mice. In

the light phase, however, activity levels of the two groups
were highly comparable. Given that locomotor activity is nor-

mally higher in the dark phase, whereas the light phase is
characterized mainly by rest and sleep, the phase-dependent

hyperactivity in Nogo-A�/� mice might be attributed to
enhanced sensitivity to the stimulation by darkness. We

therefore went on to study a specific form of drug-induced
motor activation, and tested if the Nogo-A�/� mice would

show a similar motor hypersensitivity. Increased spontane-
ous activity is typically associated with activation of the

ascending dopaminergic projections to the striatal complex,
which are in turn under the regulation of several neuro-

transmitters, including g-aminobutyric acid, glutamate and
acetylcholine, along with various neuropeptides (Angulo &

McEwen 1994; Giros et al. 1996; Nestler 1994). Thus, global
Nogo-A deletion might result in functional disturbances of the

dopaminergic activity within the striatal circuitry in Nogo-A�/�

mice, contributing to the specific hyperactivity phenotype

here. Consistent with this hypothesis, Nogo-A�/� mice also
displayed enhanced sensitivity to themotor-stimulating effect

of the dopaminergic agonist AMPH, suggesting that the
modulation of motor function by dopaminemight be abnormal

in Nogo-A�/� mice. However, the possible contribution of

serotonergic and norepinephrinergic dysfunction (following
AMPH challenge) cannot be entirely excluded (Sulzer et al.

2005).
The hippocampus is another brain area that contains high

levels of Nogo-A even in adulthood (Huber et al. 2002; Meier
et al. 2003). The hippocampal formation is a brain region

with substantial neuroplastic potential and is known to play
an important role in various cognitive functions as well as

affective information processing (Bannerman et al. 2004;
Davidson & Jarrard 2004; O‘Keefe & Nadel 1978). In this

study, we had examined the expression of anxiety-related
behavior, spatial learning and two forms of fear-related

associative learning known to be affected by hippocampal
dysfunction or lesions (Bannerman et al. 2002, 2004; Bast

et al. 2001; Kjelstrup et al. 2002; Maren 2001; Sanders et al.
2003). Anxiety-related behavior assessed using the elevated

plus maze was unaltered in Nogo-A�/� mice, suggesting
that loss of Nogo-A did not affect this particular form of

emotional behavior. Furthermore, there was no evidence of
any change in spatial water maze learning in Nogo-A�/�

mice. In addition, the expression of conditioned fear
acquired by associative learning mechanisms also appeared

intact in Nogo-A�/� mice, suggesting that learned fear and
the underlying cognitive processes involved were not

grossly affected by the global absence of Nogo-A. Taken
together, generally similar performances in Nogo-A�/� and

Nogo-Aþ/þ mice across the three cognitive tests that assess

different forms of memory functions suggest that Nogo-A
deletion does not affect mnemonic processes. Examination

with additional learning paradigms, including the regulation
of associative learning (e.g. by selective attentional mecha-

nisms), perceptual learning, problem solving and choice
behavior, would be necessary to further ascertain if subtle

changes in cognitive functioning may be induced by the loss
of Nogo-A.

The absence of gross behavioral changes in Nogo-A�/�

mice shown here across a range of behavioral faculties

suggests that Nogo-A is not essential to these functions,
but the possibility of compensation by other functionally

related proteins cannot be excluded. In fact, the expression
of other neurite outgrowth inhibitors (e.g. different members

of the semaphorin and ephrin families) as well as Nogo-B are
substantially (up to sevenfold for Nogo-B) elevated in mice

lacking Nogo-A (Dimou et al. 2006; Montani et al. 2006;
Simonen et al. 2003). However, the functional relevance of

the compensatory upregulation of any of these proteins
remains speculative and would need to be directly tested,

for example by examining the efficacy of antibodies designed
to block specific potential compensatory proteins within the

Nogo-A knockout model. Nevertheless, the data of the
current study point to strong homeostatic mechanisms in

the CNS, which may counteract and compensate the deletion
of Nogo-A despite the pronounced fiber growth responses

observed after Nogo-A inactivation. This is of direct and
immediate interest to the question of potential side-effects

in the ongoing clinical trials using function-blocking reagents
for Nogo-A in paraplegic patients.

In conclusion, this first behavioral study of mice with
constitutive genetic deletion of Nogo-A has yielded important

characterization of the functional relevance of this important
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membrane protein in normal brain function. While many
elementary functions seem not to be contingent on the

presence of Nogo-A, novel regulatory functions of this protein
have been identified here with respect to motor co-ordination

and circadian-dependent behavioral activation. Moreover,
dopaminergic neurotransmission may play a role in the

modulatory action of Nogo-A on locomotor activation. More
extensive and refined assays of behavior and cognition should

be encouraged to examine the possible presence of more
specific and subtle behavioral changes that may be present in

Nogo-A�/� mice. Following this initial study, thorough ana-
tomical and neurochemical analyses during development as

well as in the adult CNS would be highly instructive in further
elucidating the mechanisms underlying the contributions of

the loss of Nogo-A to the emergence of these behavioral
phenotypes.
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