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Nogo-A protein is an important inhibitor of axonal growth, which also regulates neuronal plasticity in the
CNS. Mutations in the gene encoding Nogo-A or abnormalities in Nogo-A expression are linked to neuro-
psychiatric disorders such as schizophrenia. The present study assesses the impact of constitutively
reduced expression of Nogo-A on place navigation in a novel transgenic rat model. Two spatial paradigms
were used: (1) A battery of tests in the Carousel maze requiring continuous processing of spatial infor-
mation with increasing demands for the segregation of reference frames and behavioral flexibility and
(2) a delayed-matching-to-place version of the Morris water maze (MWM), which requires place naviga-
tion and is sensitive to deficits in one-trial-encoded place representation. The Carousel maze testing
revealed a subtle but significant impairment in management of reference frames. Matching-to-place
learning in the Morris water maze was unaffected, suggesting an intact representation of an unmarked
goal. Our results show that Nogo-A deficiency leads to cognitive deficit in processing of the reference
frames. Such a deficit may be the result of neuro-developmental alterations resulting from Nogo-A
deficiency.

� 2013 Elsevier Inc. All rights reserved.
1. Introduction

In pathological conditions involving loss of neurons or axonal
damage, the very restricted regenerative plasticity of the adult
mammalian CNS severely hinders functional recovery. The search
for growth-inhibiting factors has led to the discovery of several
classes of such inhibitors, including Nogo proteins. The Nogo-A iso-
form is widely recognized as a major myelin-associated inhibitor of
axon growth and regeneration (for recent reviews, see Akbik, Caff-
erty, & Strittmatter, 2012; Pernet & Schwab, 2012; Schwab, 2010).

Strong inhibition of axonal growth and regeneration can be alle-
viated by interfering with the Nogo-A signaling cascade, facilitating
re-growth of damaged axons and/or compensatory plasticity in
spared CNS structures. Very promising results have been reported
after the application of Nogo-A specific antibodies, which led to
remarkable functional recovery after spinal cord lesion (Liebscher
et al., 2005; Schnell & Schwab, 1990) and stroke (Wiessner et al.,
2003) in rodent models. These results have been already validated
in primate models (Fouad, Klusman, & Schwab, 2004; Freund
et al., 2009). Human anti-Nogo-A antibody (ATI-355; Novartis) is
undergoing clinical testing in human patients with spinal cord in-
jury (http://ClincalTrials.gov: NCT00406016) (Zörner & Schwab,
2010).

Beside oligodendrocyte expression, Nogo-A is also expressed by
neurons (Huber, Weinmann, Brösamle, Oertle, & Schwab, 2002;
Josephson, Widenfalk, Widmer, Olson, & Spenger, 2001; Wang
et al., 2002), regulating cell migration, axon growth and guidance
during development (Petrinovic et al., 2010; Schwab & Schnell,
1991; Wang, Chan, Taylor, & Chan, 2008). After birth, neuronal
Nogo-A expression usually decreases, except for neurons retaining
a high plasticity of their connections, including hippocampal neu-
rons (Huber et al., 2002; Mingorance et al., 2004). Nogo-A in the
hippocampus regulates synaptic plasticity (Delekate, Zagrebelsky,
Kramer, Schwab, & Korte, 2011; Lee et al., 2008).

Several studies have implicated Nogo signaling pathways in hu-
man psychiatric disorders (Willi & Schwab, 2013). On the genomic
level, Nogo-A or NgR chromosomal loci were linked to predisposi-
tions to the development of schizophrenia or bipolar disorder
(Budel et al., 2008; Hsu et al., 2007; Jitoku et al., 2011; Novak,
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Kim, Seeman, & Tallerico, 2002; Sinibaldi et al., 2004; Tan, Chong,
Wang, Chew-Ping Lim, & Teo, 2005; Voineskos, 2009). Behavioral
alterations demonstrated in Nogo-A knockout mice were proposed
as endophenotypes of schizophrenia-like behavior (Willi, Aloy, Yee,
Feldon, & Schwab, 2009; Willi et al., 2010). Disruption of the
Nogo-A regulatory function in synapse development and their
plasticity might offer a link between schizophrenia-like pheno-
types in Nogo-A knockout mice and human pathology.

The present study explores behavioral effects of reduced Nogo-
A protein expression in a transgenic rat model. Rats have been
shown to be generally superior to mice as in vivo models (Gill,
Smith, Wissler, & Kunz, 1989). Furthermore, the knockdown model
should be more comparable to human pathological conditions
(Willi & Schwab, 2013) and does not exhibit compensatory over-
expression of Nogo-B (Tews et al., 2013), reported in some KO mice
studies (Simonen et al., 2003). The specific aims are to test the ef-
fect of Nogo-A deficiency on spatial avoidance in a battery of tasks
in the Carousel maze with increasing demands for segregation of
reference frames and flexibility, and one-trial learning in the de-
layed-matching-to-place version of the Morris water maze. We
hypothesized that the Nogo-A knockdown resulting in possible
neurodevelopmental alterations in the brain could impair spatial
frame segregation in the Carousel Maze more severely than the
general spatial navigation and memory in the Morris Water Maze
or sensorimotor performance, as would be expected after manipu-
lation affecting hippocampal function, which is generally very sen-
sitive to experimental disruption.

2. Materials and methods

2.1. Generation of the transgenic model

Transgenic rats with down-regulated Nogo-A expression (desig-
nated SD-Tg(CAG-RNAi: Nogo-A,EGFP)L2ZI, short L2; standing for
line 2) were generated in the Central Institute of Mental Health
(CIMH, Mannheim, Germany), in cooperation with M. Schwab from
the Swiss Federal Institute of Technology (ETH Zürich). The paren-
tal subjects were obtained from Charles River, Germany. The target
gene expression was reduced using small interfering RNAs (siR-
NAs) targeting Nogo-A-specific exon 3 of Rtn4. Quantification of
processed miRNA and analyses of the endogenous mRNA expres-
sion in transgenic and WT animals were determined by qPCR using
RNA preparations of various brain regions. Protein concentrations
of Nogo-A were measured qualitatively and quantitatively by
Western blotting and immunohistochemistry employing epifluo-
rescence and confocal microscopy.

The L2 transgenic line with Sprague Dawley (outbred) genetic
background showed about a 50% reduction of Nogo-A protein
expression in the CNS. The knockdown was more prominent in neu-
rons as compared to oligodendrocytes, with neuronal levels re-
duced to 60% of WT in the hippocampus and to 30% of WT in
cortex. Preliminary assessment revealed significant increase in
long-term potentiation in both the hippocampus and motor cortex.
The L2 rats exhibited prominent schizophrenia-like behavioral
phenotypes such as perseveration, disrupted prepulse inhibition
and strong withdrawal from social interactions. For detailed
description of the model on molecular, neurophysiological and
behavioral level, see Tews et al. (2013). We have independently
checked that the expression of Nogo-A, at both mRNA and protein
level, is decreased in the L2 animals used in this study, by means of
rtPCR and Western blotting (Petrasek et al., in preparation).

2.2. Animals

Adult male rats (3–4 months old, weighing 450–550 g) either
with Nogo-A knockdown (L2) or age-matched but unrelated wild-
type Sprague Dawley controls, were used in this study. First group
(n = 20) was used for the cognitive experiments, beam walking test
was done with another group (n = 18).

The rats were housed in groups of two or three in standard
transparent animal cages (30 � 40 � 30 cm), and maintained on a
regular 12/12 light/dark cycle in an air-conditioned animal room
with a stable temperature of 21 �C and humidity (40%). All exper-
iments were performed during the light phase, between 9 a.m.
and 4 p.m. The animals had access to food ad libitum, except during
the Carousel maze training, when they were maintained on 85% of
their normal weight by food restriction with daily weighing and
monitoring. Water was always freely available. All animal experi-
mentation complied with the Animal Protection Code of the Czech
Republic and international guidelines including EU directives (86/
609/EEC and 2010/63/EC). Experiments were approved by local
Animal Care Committee of the Institute of Physiology, Academy
of Sciences of the Czech Republic.

2.3. Behavioral tasks

2.3.1. Carousel maze testing
The apparatus consisted of a smooth circular metallic arena

(82 cm in diameter) surrounded by a 30-cm-high transparent Plex-
iglas wall, located in the middle of a room with abundance of visual
cues. The animals had to avoid a directly imperceptible 60-degree
to-be-avoided sector, with each entrance (error) punished by mild
electric foot-shocks (Blahna, Svoboda, Telensky, & Klement, 2011;
Prokopova et al., 2012; Wesierska, Dockery, & Fenton, 2005). The
intensity of current was individually adjusted for each rat to pro-
voke escape reaction, but not freezing, ranging between 0.4 and
0.7 mA (50 Hz). The shock lasted 0.5 s, and was repeated after
1.5 s if the animal did not leave the sector. The task demands could
be modified by switching lights on and off, rotating the arena and
covering the arena surface by shallow water, enabling manipula-
tion with different sources of environmental information coming
from the arena and the room, respectively. Beside avoidance,
food-deprived animals (see Section 2.2.) were accommodated to
explore the arena homogenously by dropping small food pellets
(Nesquik, Nestlé, Czech Republic) on the arena floor at regular,
30-s intervals.

The battery of place avoidance variants was a set of behavioral
paradigms performed in the Carousel maze, based on concepts
from previous experiments (Abdel Baki, Kao, Kelemen, Fenton, &
Bergold, 2009; Burghardt, Park, Hen, & Fenton, 2012; Wesierska
et al., 2005). The battery aimed at testing continuous place avoid-
ance efficiency under different conditions, probing various aspects
of reference frame segregation (Table 1). The main concept was the
dissociation of two spatial reference frames, i.e., arena and room
frames. In subsequent stages of the experiment, information from
either frame could be either present or hidden, or even made rele-
vant or irrelevant for the task solution; the frames could be contin-
uously dissociated by slow arena rotation.

Initially, four pretraining sessions were given to the rats (10 L2
and 10 wildtype), during which the animals were habituated to the
arena and trained to collect Nesquik pellets dropped onto its floor.
Five stages of avoidance training followed, each stage consisting of
three daily 20-min sessions (separated by 24-h intervals). In the
first stage, the rats were required to avoid a stable sector on the
stable arena in light (Stage 1, (Room/Arena)+ avoidance). This task,
which is essentially a passive place avoidance task (Cimadevilla,
Kaminsky, Fenton, & Bures, 2000), has relatively low cognitive de-
mands as both the arena and room frames are stable and yield con-
gruent information (Cimadevilla et al., 2000; Wesierska et al.,
2005). Subsequently, avoidance training on the rotating arena in
darkness with a to-be-avoided sector defined with respect to the
rotating arena surface (Stage 2, Arena + avoidance) tested egocen-



Table 1
Stages of the Carousel maze battery and their cognitive demands.

Stage Foraging Stage 1 Stage 2 Stage 3 Stage 4 Stage 5

Condition (Room/Arena)+ Arena+ Room+ (Room)+/(Arena)� (Room)+/(Arena)�
Number of daily

sessions
4 3 3 3 3 3

To-be-avoided sector Absent Present Present Present Present Present
Arena Stable Stable Rotating Rotating Rotating Rotating
Conflict of reference

frames
Absent Absent Absent Minimized Present Present

Arena-frame cues Present Present, relevant Present, relevant Hidden, irrelevant Present, irrelevant Present, irrelevant
Room-frame cues Present Present, relevant Hidden, irrelevant Present, relevant Present, relevant Present, relevant
Notes No avoidance Passive avoidance Passive avoidance,

darkness
Active avoidance,
water

Active avoidance Active avoidance, sector
position changed
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tric memory and passive place avoidance with only one reference
frame available (i.e., arena frame). It was followed by testing of
avoidance of a stable room-frame defined sector on the lighted
rotating arena covered with 1-cm layer of water suppressing the
intramaze cues (Stage 3, Room + avoidance), which tests active
allocentric avoidance with minimized conflict between frames.
Note that the arena frame cues were suppressed by shallow water;
however, self-motion information still provided input about the
arena frame (Stuchlik, Fenton, & Bures, 2001). This stage was fol-
lowed by testing in similar settings except without water (rotating
dry arena with stable to-be-avoided sector and light on), (Stage 4,
(Room) + /(Arena)�). This condition requires selecting the room as
the relevant coordinate frame and ignoring the arena frame infor-
mation (which is present but misleading in this configuration). Fi-
nally, testing in the (Room) + /(Arena)� version with position of to-
be-avoided sector reversed to opposite room side aimed at assess-
ing both frame segregation and behavioral plasticity (Stage 5;
Burghardt et al., 2012).

2.3.2. Water maze testing
The Morris water maze experiments were undertaken in a

metallic circular tank (180 cm in diameter, 50 cm high) filled with
water (20 �C). An escape platform 10 cm in diameter was placed in
the pool, submerged 1.5 cm below the water surface. The Delayed-
matching-to-place (DMP) task (O’Carroll et al., 2006; Steele & Mor-
ris, 1999) is a test of one-trial-acquired place representation, which
permits study of spatial working memory and engram persistence
after a single learning episode. The test was administered over dai-
ly sessions consisting of four swims (trials) to a hidden platform
with variable delays (15 s, 20 and 120 min) between first and sec-
ond trial (inter-trial interval, ITI). ITIs between trials 2 and 3 and
between trials 3 and 4 were kept at 15 s only to maintain win-stay
intra-session strategy. Platform position was changed daily in a
pseudorandom order. Being essentially a one-trial learning test,
the DMP presumes minimal interference between particular ses-
sions (Steele & Morris, 1999); therefore, there were eight daily ses-
sions with unique platform location. ITIs and release positions
were pseudo-randomized by partial Latin square method. Testing
in the DMP version of the MWM was done after the Carousel maze
battery, on the same group of subjects.

2.3.3. Beam walking
The beam walking test is a commonly used test of motor coor-

dination (Goldstein, 1993) and is critically dependent on intact
function of the sensorimotor areas. The test used a 2-m-long
wooden beam stretched between blinded end and a homecage.
Animals initially explored the beam during habituation trials on
the 5-cm-wide beam (four habituation trials, animal starting first
from 1=4, once from ½ and two times from the blinded end; i.e.,
whole beam had to be traversed in the last case) but soon learned
to traverse the beam from the blinded end to the homecage. Two
habituation trials (one run from the ½ of the length and one from
the blinded end) were repeated on the 1.5 cm-wide beam (narrow
beam). Footslips and falls were recorded manually during both
habituation periods (wide and narrow beam). Test trials on the
narrow beam were conducted immediately after the habituation,
and consisted of four testing runs, in which animals were released
from the blinded end; latency to reach the homecage, number of
falls, and number of footslips were visually recorded by two exper-
imenters, each viewing the animal from an opposite side. Beam
walking test in this study was performed with different groups of
rats (9 wildtype and 9 L2 rats) than the Carousel maze and DMP
experiments. The animals were of the same age and origin.

2.4. Measured parameters and statistical design

2.4.1. Carousel maze
In Carousel maze stages, several measures of performance were

assessed. Total distance measured overall path walked by a sub-
ject during a session and was measured as a sum of linear distances
of points selected every 1 s (passive motion introduced by the rota-
tion of the arena in some stages was subtracted by the tracking
software). Number of errors measured the number of entrances
into the to-be-avoided sector during a session. Maximum time
avoided was defined as the maximal continuous duration without
an entry into the sector. Finally, latency to the first error mea-
sured the time from the beginning of a session to the first entrance
into the to-be-avoided sector.

Since distributions of total distance, number of errors and la-
tency to first error were positively skewed, we used logarithmic
transformation to reduce the skew. It was possible to avoid the sec-
tor during the whole session without an entrance; therefore, we
added a constant 1 to number of errors before the transformation.
Several data points were missing (about 1.8% of all) due to proce-
dural and technical errors. In order to avoid difficulties caused by
these missing data, we averaged data across three sessions for
every stage of the Carousel maze. Before doing so, we standardized
data for each measure and session to ensure comparability of per-
formance between different sessions of a particular stage. Then,
data for all days had the same mean and variance and it was pos-
sible to compute average of every measure for each subject and
stage. Without the standardization an animal with a missing data
point from the first session of the given stage, where performance
is generally worse, would seem to have better performance than
animals without a missing data point (similar reasoning can be ap-
plied for missing data points from the last session of the stage). We
averaged only second and third days from each stage for latency to
first error, since the animals could not know the position of the
sector during the first session of a stage, which made the latency
of the first error in the first session essentially random. Next, we
standardized resultant measures again to ascertain comparability
between stages. This allowed us to analyze differences between
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groups across all stages as well as development of differences be-
tween groups during consecutive stages. As a result of the afore-
mentioned data transformations, we obtained four measures of
performance for five different stages for every subject. Henceforth,
we use these transformed measures for statistical analysis. For
simplicity, we report the original parameter names in both trans-
formed and raw data. Both raw and transformed data are shown
in the figures.

The mixed-design analysis of variance (ANOVA) was conducted
for each measure. Group (L2 vs. wildtype) served as a between-
subject factor and stage (five stages of Carousel maze ordered
according to their succession) as a within-subject factor. The stages
were ordered according to their cognitive demands, therefore, we
used polynomial contrasts for the stage factor. Third and fourth or-
der polynomials are not readily interpretable, therefore, we report
only linear and quadratic contrasts. Since the mean for every stage
was zero (in every measure) due to the standardizations, stage was
included as a factor only to assess interaction of stage and group
factors. Furthermore, for the same reason and because both groups
contained the same number of animals, means for both groups had
the same value and opposite sign. Therefore, only one of the means
is always reported. While group effect can be interpreted as a gen-
eral difference between groups across all stages, interactions be-
tween group and stage factors may suggest variation of group
differences between stages.

Previous research found increased perseveration in Nogo-A
knockdown rats. Perseveration could have occurred during Stage
5, when the position of the punished sector changed from the pre-
vious stage. Therefore, we attempted to test for perseverative
behavior during Stage 5 by comparing the time spent in the former
to-be-avoided sector (directly opposite to the new to-be-avoided
sector) with time spent in ‘‘neutral’’ sectors, which had never been
punished. This measure was computed in a similar way as the
other measures (i.e. it was standardized for every day, averaged
for each animal, and standardized again). Since this measure was
computed only for one stage, we obtained one value for each ani-
mal. The resultant measure was compared between groups with a
Student’s t-test.

2.4.2. Morris water maze
Performance on the DMP task in the MWM was measured by

escape latency and total distance to reach the platform. Both mea-
sures can be used for single trials (1–4) and for the calculation of
savings between trials. Second trial performance and savings be-
tween first and second trial were used as an indicator of one-trial
learning. The performance during the first two daily sessions was
worse than during remaining days and therefore the data for the
first two days (serving essentially for learning the rule) were not
included in subsequent analysis. Rats showed good performance
at trials 2–4 since the third daily session. Performance measures
were averaged for every ITI for each subject. Measures for single
trials were logarithmically transformed before averaging in order
to reduce positive skew. The averaged measures were used for sub-
sequent computations. Average speed of L2 and control group for
the first trial differed; means (M) = 19.8 cm/s and 23.5 cm/s for
L2 and control group respectively; t(18) = 2.99, p = 0.008, however,
there was no difference in average speed for trials 2–4;
ts(18) < 0.79, ps > 0.49. Due to the difference in average speed be-
tween groups for the first trial and generally small correlations be-
tween measures of performance for different trials in the same day,
we used only the performance in second trial as an indicator of
one-trial learning. Therefore, we conducted mixed-design ANOVA
with average log-transformed total distance in the second trial as
a dependent variable, group (L2 vs. control) as a between-subject
factor and delay as a within-subject factor. We used polynomial
contrasts for the delay factor.
Apart from analyzing performance, we assessed the proportion
of time spent in the 45-deg sector containing the platform during
previous day. This measure was used as a measure of perseveration
and was computed only for the first trial and averaged across all
ITIs. The groups were compared with a Student’s t-test.
2.4.3. Beam walking
Since latencies to reach the homecage for four trials were posi-

tively skewed, we used a logarithmic transformation. We then
standardized the transformed measures for each trial and com-
puted mean for every animal across the four trials. We thus ob-
tained one measure assessing latency to reach the homecage for
each rat. We standardized the resultant measure for the ease of
interpretation. The difference in latency to reach the home-cage
for the two groups was compared by a Student’s t-test. To compare
the number of slips and number of falls between the two groups,
we summed all slips and falls respectively for each animal across
trials. If an animal fell, the number of slips in a given trial was com-
puted as a maximum number of slips obtained by the worst animal
(3) plus one, which added to four. The resultant measures were
compared with a Mann–Whitney U-test.
3. Results

3.1. Carousel maze

Visual inspection of the animals showed no signs of excessive
discomfort during the Carousel maze testing. During the habitua-
tion phase (d1–d4; see Table 1) rats quickly adopted foraging for
Nesquik pellets and after the introduction of the to-be-avoided
sector they generally responded to electric foot-shocks with rapid
escape reactions. During testing in passive variants of the Carousel
maze (the to-be-avoided sector stable relative to the arena floor),
the rats performed generally well. However, when a shallow layer
of water was added to the arena in Stage 3, some animals from
both groups were agitated and exhibited higher locomotion and
decreased avoidance. During progressive training in the active ver-
sions of Carousel maze, they decreased the number of errors.

Results for total distance (Fig. 1a) showed that L2 rats walked
slightly more (M = 0.26) than control rats, however, the difference
was not significant, F(1,18) = 2.00, p = 0.17, g2 = 0.10. The interac-
tions of stage contrasts and group factor were not significant,
Fs(1,18) < 1.42, ps > 0.25. Results for maximum time avoided
(Fig. 1c) showed a significant effect of group, ML2 = �0.29,
F(1,18) = 5.43, p = 0.03, g2 = 0.23. This result reveals general
impairment of ability of shock avoidance in L2 rats. While a graph-
ics review indicated a linear increase in difference between groups
toward the more demanding stages with L2 rats performing worse
during late stages but not during early stages, the interaction of
group and linear contrast for stage was not significant
F(1,18) = 1.54, p = 0.23, partial g2 = 0.08. Neither was the interac-
tion of group and quadratic contrast for stage, F(1,18) < 1. There-
fore, statistical analysis did not show differential impairment
across stages, even though it was indicated by pattern of group
means. Maximum time avoided and number of errors (Fig. 1b)
were highly correlated (median correlation for the same stage
was �0.86) and therefore it was not surprising that the results of
the ANOVA for number of errors were similar. Effect of group on
number of errors was marginally significant, ML2 = 0.25,
F(1,18) = 3.81, p = 0.07, g2 = 0.17. Graphics review again suggested
a linearly increasing trend for the differences. Again the interaction
of group and linear contrast for stage was not significant,
F(1,18) = 2.06, p = 0.17, partial g2 = 0.10. The interaction of group
and quadratic contrast for stage was also not significant,
F(1,18) < 1. Finally, an ANOVA for latency to first error (Fig. 1d)



Fig. 1. Carousel maze results. Panels on the left represent daily median values and ends of lines represent first and third quartiles of raw non-transformed data. Note that the
quartile values depicted are computed from single sessions. Panels on the right show results for subsequent stages of the task (each stage included three sessions). The plot
shows differences in group means (ML2 – MWildtypes) and 95% confidence intervals for the differences, all for transformed parameters. Confidence intervals are not adjusted to
show between-stage difference in differences of means, therefore, statistical significance only for a difference between groups in a single stage can be properly inferred from
confidence intervals (confidence interval, that does not include zero, is equivalent to significant t-test for differences between group means for the given stage with a = 0.05).
Note that ends of ordinate differ between panels (a–d). Total n = 20 (10 L2 and 10 control animals). (a) Total distance walked. In Stages 3–5, locomotion increased because of
the need to actively avoid the to-be-avoided sector. During Stage 3, the presence of water probably disturbed the animals, leading to higher locomotion. Note the mildly
increased locomotor activity apparent in the L2 group during most sessions. (b) Number of errors (entrances into the sector). In stages 1 and 2 (passive place avoidance), the
number of errors was rather low. In Stage 3, when active avoidance became necessary, the number of errors sharply increased. Stage 4 introduced the conflict of reference
frames, but the sector position remained the same as learned during the Stage 3, thus no increase in number of errors is seen. In Stage 5, the sector position was changed,
resulting in a deterioration of performance. L2 animals made marginally significantly more errors (p = 0.07) and there was a trend for the aggravation of this deficit towards
the last, and presumably most difficult, stages. The trend was, however, not significant, p = 0.17. (c) Maximum time avoided. The results generally mirror the Number of
Errors, with a drop in performance in Stage 3. In stages 3–5, an immobile rat would enter the to-be-avoided sectors every 60 s, but animals in both groups quickly learned to
achieve much longer periods of avoidance. In Stage 3, arena-frame cues (scent marks, feces) were suppressed by shallow water, but a conflict between the relevant room-
frame cues and idiothetic information was already present. Removal of water from the arena in Stage 4 made more irrelevant arena-frame cues accessible, which did not
notably affect the avoidance of the previously-learned sector position, and the animals continued to improve. In Stage 5, when the sector position was changed, the
performance again dropped noticeably. L2 animals avoided for significantly shorter periods of time than the controls (p = 0.03), and pattern of group means suggested
aggravation of this deficit during the last, and presumably most difficult, stages. The trend was, however, not significant, p = 0.23. (d) Latency to first error. In Stages 1 and 2
(passive place avoidance), the latency to first error was high in both groups. In stages 3–5, latency to first error was generally close to the random level of 60 s. Some animals
managed to attain non-random performance, which was more common in the controls (notice the lines representing third quartile by the last days of Stage 4 and Stage 5).
Results did not reveal general difference between groups.
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did not show any difference between groups, F(1,18) < 1. However,
there was an indication of interaction between group and stage
factors, F(1,18) = 2.63, p = 0.12, partial g2 = 0.13 for linear contrast
and F(1,18) = 3.51, p = 0.08, partial g2 = 0.16 for quadratic contrast.
While L2 rats exhibited higher latency to the first error than con-
trol rats in the first two stages of the Carousel maze battery,
ML2 = 0.32, they showed slightly lower latency to the first error
in the next two stages, ML2 = �0.14.

While L2 rats spent slightly less time in the previously punished
sector relative to controls in Stage 5, the difference was not signif-
icant, t(18) = 1.15, p = 0.27, r = �0.26, ML2 = �0.25, which suggests
that the groups do not differ in their tendency to perseverate. Per-
severative behavior occurred in some individuals only and was not
the typical behavioral strategy in either group. No other difference
or even a trend was apparent in the data.

To summarize the results, L2 rats performed generally worse
than control rats as was shown by differences in maximum time
avoided and number of errors. Development of group means in
consecutive stages of the Carousel maze suggested worse perfor-
mance of L2 rats in late stages than in early stages when taken in
comparison to control rats. While this pattern was seen in all three
parameters measuring performance, it was not statistically signif-
icant in any case.
3.2. DMP test in the MWM

Results from the DMP showed a significant linear contrast for
delay between first and second trials, with higher delays resulting
in greater total distance, F(1,18) = 7.06, p = 0.016, partial g2 = 0.28.
This indicates that the rats performed worse when they had to re-
call the location of the platform after longer delays, as could be ex-
pected. No other effect (group, interaction of delay and group,
quadratic trend for delay) was significant, all Fs(1,18) < 1.2,
ps > 0.29. A mixed-design ANOVA using log-transformed escape la-
tency in the second trial as a dependent variable yielded virtually
the same results and therefore is not reported. Additionally, there
was no between-group difference in performance during the last
two trials. Results of the performed analysis might not show group
differences, even if one-trial learning differs between groups, when
one group is worse in the first trial and both groups have similar
Fig. 2. Water maze results. The graph shows total distance to reach a hidden
platform in the delayed-matching-to-place task. Points represent median values
and ends of lines represent first and third quartiles of the raw data. All values were
computed from performance from 3rd to 8th day and averaged for each animal
across a given delay and trial. The performance of L2 and control animals is
comparable in all parameters recorded.
results in the second trial. However, there was no indication for
the difference in performance between groups during the first trial.
Furthermore, analyses for savings also did not show any significant
difference (Fig. 2).

There was no sign of difference in proportion of time spent in
the sector containing the platform during previous day between
the L2 (M = 0.123) and control (M = 0.134) group, t(18) = 0.55,
p = 0.59, r = �0.13, which shows that the groups did not differ in
terms of perseveration.
3.3. Beam walking

The results did not suggest any difference between the L2
(M = 0.20) and control (M = �0.20) group, t(16) = 0.83, p = 0.42.
Additionally, the groups did not differ in the number of slips
(Mann–Whitney U = 38.5, nL2 = ncontrol = 9, p = 0.89) or in the num-
ber of falls (Mann–Whitney U = 31.0, nL2 = ncontrol = 9, p = 0.45).
4. Discussion

Our findings show that the reduced Nogo-A expression indeed
affects behavior and cognitive abilities. In the Carousel maze, the
L2 rats exhibited consistently and significantly impaired perfor-
mance, as measured by the number of errors and maximum time
avoided. Visual inspection of data for the maximum time avoided,
the number of errors and the latency to the first error suggests that
the impairment of L2 rats was more accentuated in the later stages,
demanding segregation of spatial frames (as is apparent from
Fig. 1b, c and d). However, this notion should be taken with caution
since the effect did not achieve the traditional level of significance.
The latency to the first error did not turn out to be a very reliable
measure of cognitive performance. Animals often entered the sec-
tor accidentally very early during the session, even in cases when
they apparently knew its position well, introducing additional
noise into the data. During the first two stages ((Room/Arena)+
and Arena+), when the to-be-avoided sector was stable with re-
spect to the arena floor, the Nogo-A knockdown animals tended
to exhibit longer latencies to the first error, although the total
number of errors in this group was similar to controls or even high-
er. This may suggest initial attempts to avoid punishment by
immobility in L2 rats. During the later three stages, when active
avoidance was required, L2 rats showed comparable or even short-
er latencies to the first error relative to controls. We must note that
for stages 3–5, the median value of latency to the first error gener-
ally did not exceed 60 s (one rotation period of the arena).

The animals acquired the procedural aspects of the task and
were highly motivated. The eyesight of both groups was good en-
ough, as proven by efficient performance in the MWM, and motor
coordination was at a level sufficient to manage beam-walking
performance, suggesting that possible procedural influences could
be excluded. However, results from Stage 3, when the arena floor
was covered with water, should be interpreted with caution, as
the animals were disturbed by the presence of water, and even
their perception of electric punishment might have been altered.
Total distance traveled in the Carousel maze was slightly but con-
sistently increased in the L2 group (Fig. 1a), but the difference was
not significant. Total distance in the Carousel maze is probably re-
lated mainly to the spatial strategy used by the animals and the
stressful nature of the task, although spontaneous hyperlocomo-
tion has been observed in Nogo-A deficient mice by Willi et al.
(2009).

Maintaining continuous active avoidance on a rotating arena is
a demanding task (Wesierska et al., 2005), requiring not only
having intact memory, but also paying sustained attention to
distant, room-frame cues and separating them from the irrelevant,
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arena-frame cues. To solve this problem, the animals must encode
and use two distinct, mutually conflicting representations. This
ability has been described as cognitive coordination or cognitive
control (Kubik & Fenton, 2005; Lee et al., 2012; Wesierska et al.,
2005). Even during the Stage 3, when most of the arena frame cues
were hidden, idiothetic input (i.e., path integration) remained in
conflict with the distant room frame cues. In Stage 4, even more
profound conflict between reference frames was introduced (distal
cues vs. path integration + local scent cues). The room-frame de-
fined sector remained in the same position as during the previous
stage, enabling the animals to use the previously learned avoid-
ance response. In Stage 5, the sector location was changed, while
other conditions remained the same. This shift markedly disrupted
performance in both groups, but the L2 group was affected to lar-
ger extent, suggesting a deficit in cognitive flexibility. We at-
tempted to test for perseverative behavior during Stage 5 of the
Carousel Maze training. The results do not suggest perseveration
as the prevailing behavioral mode in either group, and the differ-
ence between L2 and control animals was not significant. There-
fore, we must assume that the deficit in L2 animals comprised
primarily of an inability to deal with the newly defined sector,
rather than persisting avoidance of the old and no longer rein-
forced one.

In the DMP test in the MWM, rats from both L2 and wildtype
groups were able to locate the learned hidden platform position
and performed well, showing their capability to use distant land-
marks for representation of the hidden goal position. This suggests
that the ability of both groups to acquire a one-trial place represen-
tation was comparable, as well as memory persistence, even after
the longest delay tested (120 min). Similarly as in Stage 5 of the
Carousel maze, we did not observe any sign of perseveration in
L2 rats in the DMP task.

The beam walking test suggested that the Nogo-A deficiency did
not adversely affect locomotor coordination, which is in accor-
dance with the literature describing Nogo knockout mice. No effect
of Nogo-A absence on performance in the rotarod test was found
by Kim, Li, GrandPre, Qiu, and Strittmatter (2003) and Willi et al.
(2009) reported even improved motor coordination in Nogo-A
knockout mice.

We interpret our results as a mild cognitive deficit in L2 rats
compared to wildtypes in continuous spatial avoidance in the Car-
ousel maze battery. The observed pattern suggests that it included,
but was not limited to, impaired cognitive coordination and flexi-
bility, while spatial navigation and memory (assessed by the
MWM) was spared. Impaired cognitive coordination is characteris-
tic for schizophrenic patients (Phillips & Silverstein, 2003) and has
been reported in animal models of the disease (Lee et al., 2012).
Cognitive coordination assessed by Carousel maze tasks depends
strongly on an intact hippocampus (Wesierska et al., 2005) and is
more sensitive to hippocampal lesions than the MWM (Kubik &
Fenton, 2005). Inflexibility and impairments in reversal learning
are also typical for schizophrenia (Lee et al., 2012) and hippocam-
pal lesion models (Kimble & Kimble, 1965). We propose that at
least some effects observed in the Carousel maze in the L2 rats
might be attributed to dysfunction of the hippocampus, a structure
characterized by prominent expression of the Nogo-A, and may be-
long to a wider complex of schizophrenia-like endophenotypes re-
ported in Nogo-A deficient rodents by Tews et al. (2013), Willi et al.
(2010).

On the cellular level, the decrease in Nogo-A expression was
demonstrated (1) to facilitate hippocampal and neocortical long-
term potentiation (LTP) (Delekate et al., 2011), the neurophysio-
logical substrate of memory trace formation including spatial
learning (Pastalkova et al., 2006; Serrano et al., 2008), and (2) to
modulate other forms of synaptic plasticity within the hippocam-
pus (Zagrebelsky, Schweigreiter, Bandtlow, Schwab, & Korte,
2010). Complementing this result on the behavioral level, en-
hanced Nogo signaling (by means of increased NgR1 expression)
was found to impair lasting long-term memory (after retention
times of 30 and 60 days, but not one day or less) in both passive
avoidance and the MWM (Karlen et al., 2009). Correlation between
cognitive decline and increase in Nogo-A expression in the hippo-
campus was found in aged rats by Vanguilder et al. (2011). One
would, thus, expect the L2 rats to exhibit facilitated, rather than
impaired, learning and memory, but the opposite is true. It is con-
ceivable that the normal level of Nogo-A dependent signaling in
the hippocampus is fine-tuned to provide optimal levels of synap-
tic plasticity, and an artificial increase, as well as decrease, may
lead to compromised hippocampal function.

In the literature, studies of the consequences of altered Nogo-A
signaling on cognitive functions are rather sparse. Willi et al.
(2010) demonstrated that Nogo-A knockout mice exhibited persev-
eration behavior during reversal learning in a water T-maze, while
acquisition was not affected, suggesting specific impairment of
behavioral flexibility. This parallels the findings of Tews et al.
(2013). A previous study by Willi et al. (2009) reported intact
learning in the reference-memory version of the MWM, even after
reversal (changed platform position). Out results revealed persev-
eration neither in Carousel maze, nor in DMP test in MWM. This
might suggest that the manifestation of the cognitive flexibility
impairment is dependent either on the animal model or the behav-
ioral paradigm used or both factors. A working memory deficit,
typical for schizophrenia, was described previously in mice with
Nogo receptor deletion in a delayed alternation task (Budel et al.,
2008). Interestingly, the L2 rats have demonstrated a deficit in
short-term object recognition and object relocation memory,
tested in spontaneous object-exploration paradigms (Tews et al.,
2013). On the other hand, our results obtained using the DMP test
do not show any impairment in spatial working memory. It must
be emphasized that the MWM testing in general involves high lev-
els of motivation (Morris, 1981). Therefore, the working memory
capabilities in this model may depend upon experiment configura-
tion and level of motivation.

To sum up, Nogo-A knockdown results in a selective cognitive
impairment, which is not apparent in the DMP version of the
Water Maze, focused on precise place representation and spatial
working memory, but expresses itself in the Carousel maze battery,
where on-line management of spatial reference frames is required.
This supports the hypothesis linking Nogo-A-dependent signaliza-
tion disruption with neuropsychiatric symptoms and cognitive
disorders.

Acknowledgments

This work was funded by GAUK grant 365911 awarded to TP, by
GACR 303/10J032, P304/12/G069, IGA MZ CR NT13386 and AVCR
M200111204 awarded to AS. Partial support was provided by
grants from the German Ministry for Education and Research
(BMBF, 01GQ1003B) National Bernstein Network for Computa-
tional Neuroscience (http://www.gesundheitsforschung-bmbf.de/
en/2478.php#Heidelberg), HEALTH-F2-2007-201714 DEVANX
(http://devanx.vitamib.com) awarded to DB and the Swiss National
Science Foundation (Grant No. 31-122527/1) awarded to MES. We
thank Peter M. Luketic for language proofreading.

References

Abdel Baki, S. G., Kao, H. Y., Kelemen, E., Fenton, A. A., & Bergold, P. J. (2009). A
hierarchy of neurobehavioral tasks discriminates between mild and moderate
brain injury in rats. Brain Research, 1280, 98–106.

Akbik, F., Cafferty, W. B., & Strittmatter, S. M. (2012). Myelin associated inhibitors: A
link between injury-induced and experience-dependent plasticity. Experimental
Neurology, 235, 43–52.

http://www.gesundheitsforschung-bmbf.de/en/2478.php#Heidelberg
http://www.gesundheitsforschung-bmbf.de/en/2478.php#Heidelberg
http://devanx.vitamib.com
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0005
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0005
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0005
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0010
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0010
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0010


T. Petrasek et al. / Neurobiology of Learning and Memory 107 (2014) 42–49 49
Blahna, K., Svoboda, J., Telensky, P., & Klement, D. (2011). Inertial stimuli generated
by arena rotation are important for acquisition of the active place avoidance
task. Behavioural Brain Research, 216, 207–213.

Budel, S., Padukkavidana, T., Liu, B. P., Feng, Z., Hu, F., Johnson, S., Lauren, J., Park, J.
H., McGee, A. W., Liao, J., Stillman, A., Kim, J. E., Yang, B. Z., Sodi, S., Gelernter, J.,
Zhao, H., Hisama, F., Arnsten, A. F., & Strittmatter, S. M. (2008). Genetic variants
of Nogo-66 receptor with possible association to schizophrenia block myelin
inhibition of axon growth. Journal of Neuroscience, 28, 13161–13172.

Burghardt, N. S., Park, E. H., Hen, R., & Fenton, A. A. (2012). Adult-born hippocampal
neurons promote cognitive flexibility in mice. Hippocampus, 22, 1795–1808.

Cimadevilla, J. M., Kaminsky, Y., Fenton, A., & Bures, J. (2000). Passive and active
place avoidance as a tool of spatial memory research in rats. Journal of
Neuroscience Methods, 102, 155–164.

Delekate, A., Zagrebelsky, M., Kramer, S., Schwab, M. E., & Korte, M. (2011). Nogo-A
restricts synaptic plasticity in the adult hippocampus on a fast time scale. Proc
Natl Acad Sci USA, 108, 2569–2574.

Fouad, K., Klusman, I., & Schwab, M. E. (2004). Regenerating corticospinal fibers in
the marmoset (Callitrix jacchus) after spinal cord lesion and treatment with the
anti-Nogo-A antibody IN-1. European Journal of Neuroscience, 20, 2479–2482.

Freund, P., Schmidlin, E., Wannier, T., Bloch, J., Mir, A., Schwab, M. E., & Rouiller, E.
M. (2009). Anti-Nogo-A antibody treatment promotes recovery of manual
dexterity after unilateral cervical lesion in adult primates – re-examination and
extension of behavioral data. European Journal of Neuroscience, 29, 983–996.

Gill, T. J., Smith, G. J., Wissler, R. W., & Kunz, H. W. (1989). The rat as an
experimental animal. Science, 245, 269–276.

Goldstein, L. B. (1993). Rapid reliable measurement of lesion parameters for studies
of motor recovery after sensorimotor cortex injury in the rat. Journal of
Neuroscience Methods, 48, 35–42.

Hsu, R., Woodroffe, A., Lai, W. S., Cook, M. N., Mukai, J., Dunning, J. P., Swanson, D. J.,
Roos, J. L., Abecasis, G. R., Karayiorgou, M., & Gogos, J. A. (2007). Nogo Receptor 1
(RTN4R) as a candidate gene for schizophrenia: analysis using human and
mouse genetic approaches. PLoS ONE, 2, 1234.

Huber, A. B., Weinmann, O., Brösamle, C., Oertle, T., & Schwab, M. E. (2002). Patterns
of Nogo mRNA and protein expression in the developing and adult rat and after
CNS lesions. Journal of Neuroscience, 22, 3553–3567.

Jitoku, D., Hattori, E., Iwayama, Y., Yamada, K., Toyota, T., Kikuchi, M., Maekawa, M.,
Nishikawa, T., & Yoshikawa, T. (2011). Association study of Nogo-related genes
with schizophrenia in a Japanese case-control sample. American Journal of
Medical Genetics B Neuropsychiatric Genetics, 156B, 581–592.

Josephson, A., Widenfalk, J., Widmer, H. W., Olson, L., & Spenger, C. (2001). NOGO
mRNA expression in adult and fetal human and rat nervous tissue and in weight
drop injury. Experimental Neurology, 169, 319–328.

Karlen, A., Karlsson, T. E., Mattsson, A., Lundströmer, K., Codeluppi, S., Pham, T. M.,
Bäckman, C. M., Ogren, S. O., Aberg, E., Hoffman, A. F., Sherling, M. A., Lupica, C.
R., Hoffer, B. J., Spenger, C., Josephson, A., Brene, S., & Olson, L. (2009). Nogo
receptor 1 regulates formation of lasting memories. Proceedings of the National
Academy of Sciences of the United States of America, 106, 20476–20481.

Kim, J. E., Li, S., GrandPre, T., Qiu, D., & Strittmatter, S. M. (2003). Axon regeneration
in young adult mice lacking Nogo-A/B. Neuron, 38, 187–199.

Kimble, D. P., & Kimble, R. J. (1965). Hippocampectomy and response perseveration
in the rat. Journal of Comparative Physiological Psychology, 60(3), 474.

Kubik, S., & Fenton, A. A. (2005). Behavioral evidence that segregation and
representation are dissociable hippocampal functions. Journal of Neuroscience,
25, 9205–9212.

Lee, H., Dvorak, D., Kao, H. Y., Duffy, A. M., Scharfman, H. E., & Fenton, A. A. (2012).
Early cognitive experience prevents adult deficits in a neurodevelopmental
schizophrenia model. Neuron, 75, 714–724.

Lee, H., Raiker, S. J., Venkatesh, K., Geary, R., Robak, L. A., Zhang, Y., Yeh, H. H.,
Shrager, P., & Giger, R. J. (2008). Synaptic function for the Nogo-66 receptor
NgR1: regulation of dendritic spine morphology and activity-dependent
synaptic strength. Journal of Neuroscience, 28, 2753–2765.

Liebscher, T., Schnell, L., Schnell, D., Scholl, J., Schneider, R., Gullo, M., Fouad, K., Mir,
A., Rausch, M., Kindler, D., Hamers, F. P., & Schwab, M. E. (2005). Nogo-A
antibody improves regeneration and locomotion of spinal cordinjured rats.
Annals of Neurology, 58, 706–719.

Mingorance, A., Fontana, X., Sole, M., Burgaya, F., Ureña, J. M., Teng, F. Y., Tang, B. L.,
Hunt, D., Anderson, P. N., Bethea, J. R., Schwab, M. E., Soriano, E., & del Rio, J. A.
(2004). Regulation of Nogo and Nogo receptor during the development of the
entorhino-hippocampal pathway and after adult hippocampal lesions.
Molecular and Cellular Neuroscience, 26, 34–49.

Morris, R. G. M. (1981). Spatial localization does not require the presence of local
cues. Learning and Motivation, 12, 239–260.

Novak, G., Kim, D., Seeman, P., & Tallerico, T. (2002). Schizophrenia and Nogo:
Elevated mRNA in cortex, and high prevalence of a homozygous CAA insert.
Molecular Brain Research, 107, 183–189.

O’Carroll, C. M., Martin, S. J., Sandin, J., Frenguelli, B., & Morris, R. G. (2006).
Dopaminergic modulation of the persistence of one-trial hippocampus-
dependent memory. Learning & Memory, 13, 760–769.

Pastalkova, E., Serrano, P., Pinkhasova, D., Wallace, E., Fenton, A. A., & Sacktor, T. C.
(2006). Storage of spatial information by the maintenance mechanism of LTP.
Science, 313, 1141–1144.

Pernet, V., & Schwab, M. E. (2012). The role of Nogo-A in axonal plasticity, regrowth
and repair. Cell and Tissue Research, 349, 97–104.

Petrasek, T., Iva Prokopova, I., Sladek, M., Weissova, K., Vojtechova, I., Stepan Bahnik,
S., Zemanova, A., Schonig, K., Berger, S., Tews, B., Bartsch, D., Schwab, M. E.,
Sumova, A., Stuchlik, A. (in preparation). Nogo-A-deficient transgenic rats show
deficits in higher cognitive functions, decreased anxiety and altered circadian
activity patterns. Frontiers in Behavioral Neuroscience, manuscript in
preparation.

Petrinovic, M. M., Duncan, C. S., Bourikas, D., Weinman, O., Montani, L., Schroeter, A.,
Maerki, D., Sommer, L., Stoeckli, E. T., & Schwab, M. E. (2010). Neuronal Nogo-A
regulates neurite fasciculation, branching and extension in the developing
nervous system. Development, 137, 2539–2550.

Phillips, W. A., & Silverstein, S. M. (2003). Convergence of biological and
psychological perspectives on cognitive coordination in schizophrenia.
Behavioral and Brain Sciences, 26, 65–82.

Prokopova, I., Bahnik, S., Doulames, V., Vales, K., Petrasek, T., Svoboda, J., & Stuchlik,
A. (2012). Synergistic effects of dopamine D2-like receptor antagonist sulpiride
and beta-blocker propranolol on learning in the Carousel maze, a dry-land
spatial navigation task. Pharmacology, Biochemistry and Behavior, 102,
151–156.

Schnell, L., & Schwab, M. E. (1990). Axonal regeneration in the rat spinal cord
produced by an antibody against myelin-associated neurite growth inhibitors.
Nature, 343, 269–272.

Schwab, M. E. (2010). Functions of Nogo proteins and their receptors in the nervous
system. Nature Reviews Neuroscience, 11, 799–811.

Schwab, M. E., & Schnell, L. (1991). Channelling of developing rat corticospinal tract
axons by myelin-associated neurite growth inhibitors. Journal of Neuroscience,
11, 709–722.

Serrano, P., Friedman, E. L., Kenney, J., Taubenfeld, S. M., Zimmerman, J. M., Hanna, J.,
Alberini, C., Kelley, A. E., Maren, S., Rudy, J. W., Yin, J. C., Sacktor, T. C., & Fenton,
A. A. (2008). PKMzeta maintains spatial, instrumental, and classically
conditioned long-term memories. PLoS Biology, 6, 2698–2706.

Simonen, M., Pedersen, V., Weinmann, O., Schnell, L., Buss, A., Ledermann, B., Christ,
F., Sansig, G., van der Putten, H., & Schwab, M. E. (2003). Systemic deletion of the
myelin-associated outgrowth inhibitor Nogo-A improves regenerative and
plastic responses after spinal cord injury. Neuron, 38, 201–211.

Sinibaldi, L., De Luca, A., Bellacchio, E., Conti, E., Pasini, A., Paloscia, C., Spalletta, G.,
Caltagirone, C., Pizzuti, A., & Dallapiccola, B. (2004). Mutations of the Nogo-66
receptor (RTN4R) gene in schizophrenia. Human Mutation, 24, 534–535.

Steele, R. J., & Morris, R. G. (1999). Delay-dependent impairment of a matching-to-
place task with chronic and intrahippocampal infusion of the NMDA-antagonist
D-AP5. Hippocampus, 9, 118–136.

Stuchlik, A., Fenton, A. A., & Bures, J. (2001). Substratal idiothetic navigation of rats
is impaired by removal or devaluation of extramaze and intramaze cues.
Proceedings of the National Academy of Sciences of the United States of America, 98,
3537–3542.

Tan, E. C., Chong, S. A., Wang, H., Chew-Ping Lim, E., & Teo, Y. Y. (2005). Gender-
specific association of insertion/deletion polymorphisms in the Nogo gene and
chronic schizophrenia. Molecular Brain Research, 139, 212–216.

Tews, B., Schönig, K., Arzt, M. E., Clementi, S., Rioult-Pedotti, M. S., Zemmar, A.,
Berger, S., Schneider, M., Weinmann, O., Kasper, H., Schwab, M. E., & Bartsch, D.
(2013). Synthetic miRNA-mediated downregulation of Nogo-A in transgenic
rats reveals its role as regulator of plasticity, learning and memory. PNAS, 110,
6583–6588.

VanGuilder, H. D., Farley, J. A., Yan, H., Van Kirk, C. A., Mitschelen, M., Sonntag, W. E.,
& Freeman, W. M. (2011). Hippocampal dysregulation of synaptic plasticity-
associated proteins with age-related cognitive decline. Neurobiology of Diseases,
43, 201–212.

Voineskos, A. N. (2009). Converging evidence for the Nogo-66 receptor gene in
schizophrenia. Journal of Neuroscience, 29, 5045–5047.

Wang, J., Chan, C. K., Taylor, J. S., & Chan, S. O. (2008). The growth-inhibitory protein
Nogo is involved in midline routing of axons in the mouse optic chiasm. Journal
of Neuroscience Research, 86, 2581–2590.

Wang, X., Chun, S.-J., Treloar, H., Vartanian, T., Greer, C. A., & Strittmatter, S. M.
(2002). Localization of Nogo-A and Nogo-66 receptor proteins at sites of axon-
myelin and synaptic contact. Journal of Neuroscience, 22, 5505–5515.

Wesierska, M., Dockery, C., & Fenton, A. A. (2005). Beyond memory, navigation, and
inhibition: Behavioral evidence for hippocampus-dependent cognitive
coordination in the rat. Journal of Neuroscience, 25, 2413–2419.

Wiessner, C., Bareyre, F. M., Allegrini, P. R., Mir, A. K., Frentzel, S., Zurini, M., Schnell,
L., Oertle, T., & Schwab, M. E. (2003). Anti-Nogo-A antibody infusion 24 hours
after experimental stroke improved behavioral outcome and corticospinal
plasticity in normotensive and spontaneously hypertensive rats. Journal of
Cerebral Blood Flow and Metabolism, 23, 154–165.

Willi, R., Aloy, E. M., Yee, B. K., Feldon, J., & Schwab, M. E. (2009). Behavioral
characterization of mice lacking the neurite outgrowth inhibitor Nogo-A. Genes,
Brain and Behavior, 8, 181–192.

Willi, R., & Schwab, M. E. (2013). Nogo and Nogo receptor: Relevance to
schizophrenia? Neurobiology of Diseases, 54, 150–157.

Willi, R., Weinmann, O., Winter, C., Klein, J., Sohr, R., Schnell, L., Yee, B. K., Feldon, J.,
& Schwab, M. E. (2010). Constitutive genetic deletion of the growth regulator
Nogo-A induces schizophrenia related endophenotypes. Journal of Neuroscience,
30, 556–567.

Zagrebelsky, M., Schweigreiter, R., Bandtlow, C. E., Schwab, M. E., & Korte, M. (2010).
Nogo-A stabilizes the architecture of hippocampal neurons. Journal of
Neuroscience, 30, 13220–13234.

Zörner, B., & Schwab, M. E. (2010). Anti-Nogo on the go: from animal models to a
clinical trial. Annals of the New York Academy of Sciences, 1198(Suppl. 1),
E22–E34.

http://refhub.elsevier.com/S1074-7427(13)00210-4/h0015
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0015
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0015
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0020
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0020
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0020
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0020
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0020
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0025
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0025
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0030
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0030
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0030
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0035
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0035
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0035
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0040
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0040
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0040
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0045
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0045
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0045
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0045
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0050
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0050
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0055
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0055
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0055
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0060
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0060
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0060
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0060
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0065
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0065
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0065
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0070
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0070
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0070
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0070
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0075
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0075
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0075
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0080
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0080
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0080
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0080
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0080
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0085
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0085
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0090
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0090
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0095
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0095
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0095
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0100
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0100
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0100
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0105
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0105
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0105
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0105
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0110
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0110
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0110
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0110
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0115
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0115
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0115
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0115
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0115
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0120
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0120
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0125
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0125
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0125
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0130
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0130
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0130
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0135
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0135
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0135
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0140
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0140
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0150
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0150
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0150
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0150
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0155
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0155
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0155
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0160
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0160
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0160
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0160
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0160
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0165
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0165
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0165
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0170
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0170
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0175
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0175
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0175
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0180
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0180
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0180
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0180
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0185
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0185
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0185
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0185
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0190
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0190
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0190
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0195
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0195
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0195
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0200
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0200
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0200
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0200
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0205
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0205
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0205
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0210
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0210
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0210
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0210
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0210
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0215
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0215
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0215
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0215
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0220
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0220
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0225
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0225
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0225
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0230
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0230
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0230
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0235
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0235
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0235
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0240
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0240
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0240
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0240
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0240
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0245
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0245
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0245
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0250
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0250
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0255
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0255
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0255
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0255
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0260
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0260
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0260
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0265
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0265
http://refhub.elsevier.com/S1074-7427(13)00210-4/h0265

	Nogo-A downregulation impairs place avoidance in the Carousel  maze but not spatial memory in the Morris water maze
	1 Introduction
	2 Materials and methods
	2.1 Generation of the transgenic model
	2.2 Animals
	2.3 Behavioral tasks
	2.3.1 Carousel maze testing
	2.3.2 Water maze testing
	2.3.3 Beam walking

	2.4 Measured parameters and statistical design
	2.4.1 Carousel maze
	2.4.2 Morris water maze
	2.4.3 Beam walking


	3 Results
	3.1 Carousel maze
	3.2 DMP test in the MWM
	3.3 Beam walking

	4 Discussion
	Acknowledgments
	References


