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ABSTRACT 
The central nervous system has very limited ability to repair itself after injury but has been shown to 

exhibit remarkable experience-driven structural plasticity at the synaptic level. These changes correlate 

strongly with behavioral performance and are thought to underlie learning and memory. MAG, OMgp 

and Nogo are a group of neurite growth inhibitors present in CNS myelin and exerting effects by binding 

to a common receptor, NgR1. Because Nogo is also expressed by neurons and NgR1 is exclusively 

expressed in neurons and downregulated by activity, NgR1 may regulate plasticity. For local synaptic 

plasticity to occur one requirement could be that NgR1 signaling decreases. In fact, NgR1 is rapidly 

downregulated in key areas associated with plasticity such as hippocampus in a variety of different 

models of neuronal activity. When NgR1 is knocked out, mice show increased plasticity and continue to 

demonstrate ocular dominance shift plasticity in the visual cortex into adulthood.  

The aim of this thesis was to further investigate how the Nogo-system is regulated and to 

evaluate how it may influence memory formation. It is confirmed that increased neuronal activation 

(using Kainic acid) causes rapid downregulation of NgR1 and a more detailed time course of this effect is 

presented. The NgR1 downregulation might be further potentiated through an increase of the endogenous 

NgR1 antagonist LOTUS in the dentate gyrus. In contrast to NgR1, both NgR2 and NgR3 were mostly 

upregulated following Kainic acid injection. As the spectrum of known ligands for the different NgRs 

differ, this could result in a change in responsiveness to different inhibitor types and might favor 

increased local plasticity while keeping plasticity at the level of non-terminal axons and main dendrites in 

check.  

We created a mouse with inducible overexpression of NgR1 in forebrain neurons 

(MemoFlex) to test the hypothesis that reduced NgR1 levels are important for memory formation. We 

found that while NgR1 overexpression does not impair 24 h memory and day to day learning, it 

significantly impairs formation of lasting memories as shown in both the Morris water maze and a 

passive avoidance test. By turning the NgR1 transgene off (by doxycycline) at different time points, we 

were able to demonstrate that NgR1 downregulation-dependent memory consolidation occurs during the 

first 7-9 days after a memory-forming event. MemoFlex mice exhibited increased sensitization to 

amphetamine (that could be normalized by turning off the transgene), as if they were unable to "learn" 

and hence cope with amphetamine injections lasting for as long as a week. When retested after 110 days 

MemoFlex mice showed a significant reduction of "sensitization memory" compared to their 

performance at the end of the sensitization period. Control mice tended to increase sensitization during 

the withdrawal period. Mice lacking NgR1 did not differ from control mice with respect to a week-long 

amphetamine sensitization. Analysis of spine density and subtypes in the cingulate gyrus and the shell of 

nucleus accumbens indicated that NgR1 overexpression has significant effects on spine dynamics.  

NgRs have also been shown to affect the deposition and formation of Aβ-plaques in mouse models of 

Alzheimer’s disease. To test if NgR1 overexpression would affect plaque deposition we crossed 

MemoFlex mice with plaque-forming APPswe/PSEN1 mice. While we could not see any significant 

change in plaque formation in APPswe/PSEN1 mice with NgR1 overexpression, they were significantly 

impaired in the Morris water maze. The fact that performance was significantly decreased while plaque 

formation was unaffected could result from impairment of compensatory synaptic plasticity that 

otherwise occur in plaque-forming mice.  

Taken together, these studies suggest a role for the Nogo-system, and in particular 

NgR1, for the formation of lasting memories. 
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INTRODUCTION  
A phenomenon that has received a substantial amount of attention within the field of 
neuroscience is the fact that the central nervous system (CNS) is highly inhibitory to 
neuronal outgrowth and regeneration. It has been long known from transplantation 
experiments that CNS neurons can extend neurites into grafts from the peripheral 
nervous system (PNS) (Benfey and Aguayo, 1982; Richardson et al., 1984; So and 
Aguayo, 1985). This is interesting as it shows that CNS neurons possess the ability to 
grow but require a different environment to be able to do so. In contrast, PNS neurons 
that have been shown to exhibit rather good regeneration lose this function when 
exposed to material from the CNS (Aguayo et al., 1978; Weinberg and Spencer, 1979). 
Hence while PNS appears to enhance neuronal outgrowth, the CNS instead actively 
impairs it.  
 
NERVE GROWTH INHIBITORY MOLECULES OF CNS MYELIN 
In 1988 it was shown that two protein fractions of 35 and 250 kDa found in CNS 
myelin (but not in PNS myelin) were inhibitory for neuronal outgrowth (Caroni and 
Schwab, 1988b). It was also shown that two antibodies, IN-1 and IN-2, raised against 
the 250 kD and 35 kD protein respectively, could bind to both the 35 and the 250 kDa 
fragment (suggesting that they share a functional domain) and counteract the inhibitory 
effect of CNS myelin (Caroni and Schwab, 1988a). It was for instance shown that 
neurons in optic nerve explants could grow over 3 mm, something that only occurred 
occasionally when a control antibody was used. The inhibitory substance isolated from 
myelin, Nogo, was cloned in 2000 (Chen et al., 2000; GrandPre et al., 2000; Prinjha et 
al., 2000) using a sequence from proteolytically digested Nogo published earlier 
(Spillmann et al., 1998). Nogo is a member of the Reticulon family and exists in 3 
different isoforms, Nogo-A, B and C. Of these isoforms Nogo-A has the most specific 
expression in CNS, while Nogo-B and C are also strongly expressed in other tissues. 
For instance, Nogo-B has been shown to have effects in endothelial cells (Acevedo et 
al., 2004; Miao et al., 2006; Yu et al., 2009) while the functions of Nogo-C are less 
well documented. Another neuronal outgrowth inhibitor, Myelin-associated 
glycoprotein (MAG), was identified early and found to be highly expressed in myelin 
(McKerracher et al., 1994; Mukhopadhyay et al., 1994). 
 
Nogo-A (by far the most studied form) contains an extracellular loop, Nogo-66 
(Consisting of 66 amino acids) (GrandPre et al., 2000) that can mediate part of the 
inhibitory effects of Nogo-A. Apart from the effects of Nogo-66, the N-terminal part of 
Nogo is also a potent inhibitor of outgrowth. Thus antibodies that bind to the N-
terminal part of Nogo-A can decrease the outgrowth inhibitory effects of Nogo-A 
(Chen et al., 2000; Oertle et al., 2003) and expression of only the N-terminal part was 
found to be inhibitory for outgrowth (Prinjha et al., 2000). It was recently shown that 
the inhibitory domain Nogo-A Δ20 (in the central Nogo-A specific region) can be 
internalized and be retrogradely transported to the cell body and there affect RhoA and 
CREB activity (Joset et al., 2010). Nogo-A was first identified as an inhibitor 
preferentially expressed in myelin but later studies showed that it was also expressed in 
neurons in several regions of both the maturing and adult CNS. These regions include 
the cerebral cortex and the hippocampus (Huber et al., 2002; Josephson et al., 2001; 
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Lee et al., 2008; Wang et al., 2002c), supporting a role for Nogo-A not only in myelin-
neuron interaction but also in neuron-neuron interaction. A third myelin associated 
inhibitor (MAI) was later identified and named Oligodendrocyte Myelin glycoprotein 
(OMgp) (Kottis et al., 2002).    
 
THE NOGO-66 RECEPTOR 
The first receptor for Nogo-A was found by screening for proteins that could bind to 
the Nogo-66 domain (Fournier et al., 2001) and was therefore named the Nogo-66 
receptor (NgR), While Nogo-66 is sufficient to induce binding, the affinity can be 
increased further by including parts of the C-terminal domain of Nogo-A (Hu et al., 
2005) and inhibition by NgR1 is more potent when a longer fragment (Nogo-22) is 
used instead of Nogo-66 (Huebner et al., 2011). It was later shown that there are two 
homologous Nogo receptors now commonly referred to as NgR2 and NgR3 (Barton et 
al., 2003; Lauren et al., 2003; Pignot et al., 2003). Hence what used to be called NgR is 
now most often referred to as NgR1.  NgR1 was shown to consist of a signal sequence 
followed by 8 leucine rich repeats (LRR) domains, a LRR carboxy terminal flanking 
domain with a final unique region containing a GPI anchor (Fournier et al., 2001). 
Shortly after the discovery that NgR1 could mediate some of the inhibitory effects of 
Nogo-A it was also shown that MAG can bind to and induce growth cone collapse 
through NgR1 (Domeniconi et al., 2002; Liu et al., 2002). MAG had previously been 
shown to induce RhoA activation through p75 (Yamashita et al., 2002) and it was 
suggested that this could possibly involve sialic acid dependent binding of MAG to the 
gangliocide GT1b. However in the studies identifying NgR1 as a receptor for MAG it 
was shown that MAG binding to NgR1 was sialic acid independent (Domeniconi et al., 
2002; Liu et al., 2002); this together with the fact that the inhibitory function of MAG 
was diminished after treatment with PI-PLC suggested that binding to GT1b was not 
required for MAG function (however the independence of sialic acid has been 
questions (Robak et al., 2009)). Of note, the two papers did however come to different 
conclusions concerning if MAG and Nogo-66 competed in binding to NgR1. One paper 
showed a dose dependent decrease of binding of MAG (Domeniconi et al., 2002) with 
increasing concentrations of Nogo-66 and the other paper showed no effect (Liu et al., 
2002). In a screen to identify GPI-linked myelin inhibitors, OMgp was shown to be 
able to bind to NgR1 (Wang et al., 2002b) and similarly to Nogo and MAG, OMgp can 
signal through NgR1 and induce growth cone collapse (Wang et al., 2002b). While it is 
clear that MAIs can induce growth cone collapse by binding to NgR1, the roles of 
MAIs on nerve fiber growth and other aspects of axon functions are not fully 
understood (Chivatakarn et al., 2007; Huebner et al., 2011).  
 
Following the discovery of the myelin-derived ligands, NgR1 has been shown to bind 
to several other ligands. For instance, NgR1 can bind to B-lymphocyte stimulator 
(BLYS), part of the immune system, shown to have inhibitory effects on neurite 
outgrowth from dorsal root ganglion neurons (Zhang et al., 2009). Furthermore, NgR1 
appears to be involved in EGFR signaling and its effects on neuronal outgrowth 
(Koprivica et al., 2005). However, little is known about the significance of that 
interaction. The function of NgR1 receptor signaling was further complicated when it 
was shown that phosphorylation of NgR1 by extracellular casein kinase 2 makes it 
unable to bind to MAG, OMgp or Nogo-66 (Takei, 2009).  
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ENDOGENOUS NGR1 INHIBITORS 
NgR1 function is not only modulated by the different activating ligands discussed 
above. It has been shown that the nervous system expresses several endogenous NgR1 
antagonists. The first such endogenous inhibitor of Nogo-66 - NgR1 signaling to be 
found was Leucine-rich glioma inactivated 1 (LGI1) (Thomas et al., 2010). It was also 
shown that NgR1 could enhance the binding of ADAM22 to LGI1. This suggests a new 
pathway through which NgR1 could influence synaptic plasticity as LGI1 and 
ADAM22 interaction have been shown to affect dendritic pruning and synaptic 
function (Fukata et al., 2006; Zhou et al., 2009).  
 
Searching for molecules that could affect the development of the lateral olfactory tract 
it was found that Lateral Olfactory Tract Usher Substance (LOTUS) could inhibit the 
binding of Nogo-A to NgR1. Thereby local Nogo-NgR1 growth inhibition can be 
blocked (Sato et al., 2011), as mediated through the C-terminal domain of LOTUS 
(Kurihara et al., 2012). 
 
Another inhibitor of NgR1 is the secreted protein Olfactomedin 1 (Nakaya et al., 2012), 
that is able to decrease the binding of NgR1 to its co-receptor and thereby inhibit NgR1 
function. The expression of Olfactomedin 1 co-localizes with that of NgR1 in the 
dentate gyrus and CA3 of the hippocampus, both areas shown to be highly plastic. This 
raises the possibility that secretion of Olfactomedin 1 can be one way to overcome 
NgR1 induced growth inhibition. Thus far, these three inhibitors appear to be specific 
for NgR1 and not affect the other NgRs.  
 
NGR1 AND ITS CO-RECEPTORS 
As NgR1 is attached to the cell membrane by a GPI link, it lacks a cytoplasmic domain 
and requires co-receptors to transduce a signal into the cell. The first co-receptor to be 
identified for NgR1 was the low affinity-neurotrophin receptor p75 (Wang et al., 
2002a) and it was shown that together with NgR1, p75 could mediate effects of Nogo-
A, MAG and OMgp (without affecting the affinity with which these ligands bind to 
NgR1). When MAG was added to the binding assay the interaction between NgR1 and 
p75 increased, suggesting that when a ligand binds to NgR1 it increases its affinity for 
p75 (Wang et al., 2002a). In the same year it was shown that when MAG binds to p75 
the activity of RhoA will increase (Yamashita et al., 2002) and subsequent studies have 
continued to implicate RhoA as a downstream effector of Nogo-signaling (reviewed in 
(Nash et al., 2009)). It was later shown that while NgR1 and p75 could induce growth 
cone collapse in several different cell types, in some it required a second co-receptor to 
function in the form of Lingo-1 (Mi et al., 2004), possibly assisted by gangliosides 
(Saha et al., 2011). Lingo-1 is specifically expressed in neurons of the CNS and the 
expression decreases caudally and overlaps well with the expression of NgR1 (Barrette 
et al., 2007; Josephson et al., 2002). The expression of Lingo-1 is high around birth and 
decreases until prenatal day 8 (P8) but the expression remains substantial and stays at a 
similar level as that seen at day 8 into adulthood. Compared with the expression of 
Lingo-1 and NgR1, the expression of p75 is rather limited and several neuronal sub-
types that are strongly inhibited by myelin do not express p75 (Chao, 2003; Roux and 
Barker, 2002). In 2005 two groups published studies that identified TROY (Park et al., 
2005; Shao et al., 2005) as a new co-receptor for NgR1. TROY (Tumour necrosis 
factor-α (TNFα) receptor superfamily member 19) was found to be able to form a 
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complex with NgR1 and Lingo-1 even without p75. NgR1/Lingo-1/TROY expressing 
Cos7 cells induce RhoA activation in a similar manner as NgR1/Lingo-1/p75 cells, 
suggesting that TROY can replace the function of p75. Furthermore, overexpression of 
full length TROY in insensitive p75-/- neurons made them sensitive to growth cone 
collapse by Nogo-66 (Park et al., 2005). Of note, while p75 expression is high 
prenatally, the expression decreases sharply around birth. In contrast, TROY is 
expressed at rather high levels until p8, and drops to somewhat lower levels but retains 
higher expression than p75 into adulthood. This correlated much better with the 
expression patterns of Lingo-1 and NgR1 (Shao et al., 2005). In both studies TROY 
was found in neuronal cells of the CNS (Park et al., 2005; Shao et al., 2005). A later 
study investigating TROY expression in the developing and postnatal CNS found that 
TROY was mainly expressed in radial glia like cells during development and in 
astrocytes but not in post natal neurons (Hisaoka et al., 2006). Barrette and colleagues 
(Barrette et al., 2007) showed, using in situ hybridization, very low expression of 
TROY in most regions of CNS except for the hippocampal formation (but not in the 
dentate gyrus), islands of Calleja, laterodorsal tegmental nucleus and zona incerta. 
Hence it is still possible that more co-receptors remain to be found for NgR1.  
 
NGR2 AND NGR3 
There are two homologous receptors to NgR1, NgR2 and NgR3; that show largely 
overlapping expression patterns with NgR1 but with some significant differences 
(Barrette et al., 2007; Lauren et al., 2003; Pignot et al., 2003). For instance, NgR2 
shows significant mRNA expression in striatum (caudate nucleus) which is not true for 
NgR1 or NgR3 (however NgR1 protein (Venkatesh et al., 2005) is expressed in 
striatum, possibly in axons projecting from other NgR1 expressing areas). NgR3 lacks 
or has a very low expression in diencephalon while both NgR1 and NgR2 exhibit 
significant expression. Even though NgR2 and NgR3 show a strong homology to 
NgR1, their binding affinity to myelin inhibitors is significantly different. NgR2 shows 
no affinity for Nogo-A and OMgp but can bind to MAG with high affinity (Lauren et 
al., 2007; Robak et al., 2009; Venkatesh et al., 2005). NgR3 on the other hand, lacks 
affinity for any of the three myelin inhibitors (Venkatesh et al., 2005). NgR2 has also 
been shown to bind to Fbs1, an ubiquitin ligase associate protein (Kern et al., 2012). 
The functional relevance of this interaction is yet to be determined but could suggest a 
way to regulate NgR2 protein levels. While NgR3 lacks affinity to MAG, OMgp and 
Nogo, it can bind to chondroitin sulfate proteoglycans (CSPG) (Dickendesher et al., 
2012) and this is also true for NgR1. CSPGs are a large family of extra cellular matrix 
proteins that have been shown to be inhibitory to neuronal outgrowth at least partly 
through activation of RhoA. The formation and deposition of extracellular CSPGs 
increases after injury, especially in astrocytes that help to form a glial scar around the 
injury. 
 
STRUCTURE OF NGR1 AND LIGAND BINDING 
An in-depth characterization of ligand binding to NgR1 and NgR2 was carried out by 
Laurén and colleagues (Lauren et al., 2007) and confirmed the previous finding that 
NgR1 can bind to OMgp, MAG and Nogo-66 and that MAG could bind to NgR2 with 
high affinity. On NgR1 the core binding site of all three myelin associated inhibitors 
was found on the concave side of the LRR domain that had previously been shown to 
be required for ligand binding. There was some difference in binding sites between the 



 

  5 

different ligands so that while the core domain is similar, the exact interaction between 
the different inhibitors appears to differ.  
 
EXPRESSION OF MYELIN INHIBITORS AND RECEPTORS  
Barrette and colleagues (Barrette et al., 2007) analyzed the expression of receptors for 
myelin inhibitors in CNS of mice and together with previous studies (Hunt et al., 2002; 
Josephson et al., 2002; Zheng et al., 2005) gives an overall consistent picture of the 
expression patterns of these molecules. NgR1 is expressed in large parts of the 
telencephalon with the most notable exceptions being striatum and the septal region. In 
diecephalon the expression is high in thalamus while expression was not detected in 
hypothalamus. In the brainstem NgR1 expression is more limited but present in several 
areas that project to the spinal cord.   
 
NgR2 is expressed in almost all areas where NgR1 is expressed with the biggest 
exception being the islands of Calleja (no NgR2 expression) and striatum (no NgR1 
expression) where expression patterns differ. Lingo-1 has an almost ubiquitous 
expression in the brain and covers all areas that show expression of NgR1 and NgR2. It 
is also expressed in areas without Nogo-receptors (Barrette et al., 2007; Okafuji and 
Tanaka, 2005), suggesting that it might have functions outside of myelin mediated 
outgrowth inhibition. The expression of both p75 and TROY is rather limited compared 
to NgR1, NgR2 and Lingo-1 and they are not expressed (or expressed at very low 
levels) in large areas of the cerebral cortex. Expression is also lacking in most of 
diencephalon and the brain stem.  
 
 Nogo-A is strongly expressed in myelin throughout life. When it comes to neuronal 
expression of Nogo-A, it is rather strong during development and decreases in 
adulthood. However, expression remains high in some neuronal populations such as 
those of the olfactory bulb, pyramidal neurons in cortex and neurons of the 
hippocampus (Huber et al., 2002; Hunt et al., 2003; Hunt et al., 2002; Josephson et al., 
2001; Mingorance et al., 2004). As all these regions are known for being highly plastic, 
the high expression of Nogo-A in these regions is interesting. The cellular distribution 
of Nogo-A was analyzed by Wang and colleagues (Wang et al., 2002c) and Nogo-A 
was found to be expressed both in the outer circumference of myelin sheaths and in the 
inner adaxonal membrane, while NgR1 protein was not found in myelin but was 
specific to neurons.  It has also been shown that all iso-forms of Nogo (A,B,C) are 
expressed on the cell surface and that they can interact with each other (Dodd et al., 
2005). NgR1 protein has been found both pre- and postsynaptically, there were no 
examples of a synapse with NgR1 at both the pre- and postsynaptic membrane; 
suggesting that pre- or postsynaptic distribution of NgR1 is regulated (Wang et al., 
2002c). Nogo-A in neurons is found in the synapses and similarly to NgR1 it exists 
both pre- and post synaptically (Lee et al., 2008; Liu et al., 2003; Wang et al., 2002c).  
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THE NOGO-SYSTEM AND CNS INJURY 
There has been a substantial amount of research examining the effects of the Nogo-
system and how it can affect neuronal outgrowth after injury.  Most of the initial 
research was on neuronal outgrowth following spinal cord injury. More recently, 
studies in stroke models have been carried out. 
 
REGROWTH AFTER INJURY/TRAUMA 
In studies examining the role of the Nogo-system in CNS injury, two different 
strategies have been used, based on the administration of inhibitors (around the time of 
damage) or the use of knock out animals (removing specific proteins, usually from 
birth). Several studies have shown increased neuronal outgrowth following spinal cord 
injury when blocking NgR1 function (Li and Strittmatter, 2003; Wang et al., 2006; 
Wang et al., 2011; Wang et al., 2012). However, even though neurons of the 
corticospinal tract (CST) express NgR1 it does not appear to regenerate better in NgR1-
/- mice (Kim et al., 2004; Zheng et al., 2005) while raphespinal and rubrospinal fibers 
do (Kim et al., 2004). Enhanced growth was also seen in NgR1-/- animals in an ocular 
crush model (Wang et al., 2012), especially when combined with zymosan 
(macrophage activation). Blocking Lingo-1 (Ji et al., 2006; Lv et al., 2010), as well as 
the downstream effector molecules RhoA (Dergham et al., 2002; Fournier et al., 2003; 
Lord-Fontaine et al., 2008) and Rock (Duffy et al., 2009; Fournier et al., 2003) have 
also been shown to enhance outgrowth. There are several factors that influence 
neuronal outgrowth and an interesting example comes from the studies of Nogo knock-
out animals; three different labs created three different Nogo knock-out mice that 
showed marked discrepancies in their regenerative phenotype (Kim et al., 2003; 
Simonen et al., 2003; Zheng et al., 2003). Later studies have confirmed that effects 
such as age, strain and type of lesion affects the regenerative response (Cafferty et al., 
2007a; Cafferty et al., 2007b; Dimou et al., 2006). When OMgp and MAG were also 
knocked out in a Nogo-A null background that still retains a small N-terminal part of 
Nogo-A, significant regeneration of corticospinal tract fibers was seen in a mouse 
model of spinal cord injury (Cafferty et al., 2010). In contrast, in mice with complete 
knock-out of Nogo-A, no regeneration of the CST was noted (Lee et al., 2010). Acute 
blocking of Nogo-A has been shown in several studies to be beneficial for outgrowth 
(reviewed in (Akbik et al., 2012; Gonzenbach and Schwab, 2008; Pernet and Schwab, 
2012; Xie and Zheng, 2008). 
 
Beneficial effects of blocking the nerve growth inhibitory systems have also been seen 
in stroke models (Cheatwood et al., 2008; Lee et al., 2004). Using viral mediated RNAi 
against NgR1 it was shown that the amount of contralateral fibers to the red nucleus 
and striatum increased after NgR1 silencing (Wang et al., 2010). In a second study 
(Shehadah et al., 2010), a combinatorial treatment of rats exposed to middle cerebral 
artery occlusion showed an increase in recovery and the treatment also resulted in a 
significant reduction in NgR1 expression. This fits well with the fact that outgrowth 
after injury is enhanced in slice culture after Nogo-A (Craveiro et al., 2008) or NgR1 
inhibition (Mingorance et al., 2006). Another Nogo receptor, PirB, has been shown to 
be able to bind MAG, OMgp and Nogo and induce growth cone collapse in vitro 
(Atwal et al., 2008) as well as increase plasticity in the visual cortex (Syken et al., 
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2006). However, lack of PirB has not led to improvements of regeneration following 
traumatic brain injury (Omoto et al., 2010) or spinal cord injury (Nakamura et al., 
2011).  
 
REGULATION OF MYELIN INHIBITORS  
There is substantial evidence to support the notion that neurons are highly plastic in the 
intact brain and that sensory inputs can cause structural synaptic plasticity (Bhatt et al., 
2009; Holtmaat and Svoboda, 2009; Yang et al., 2009). It is therefore likely that the 
normal inhibition of neurite growth in the CNS is modulated by neuronal activity to 
allow for local plasticity. In fact, forced neuronal activation by Kainic acid (Josephson 
et al., 2003; Karlen et al., 2009; Mingorance et al., 2004; Wills et al., 2012)  results in a 
rapid downregulation of NgR1 in both hippocampus and the cerebral cortex (Josephson 
et al., 2003). In the same study, NgR1 was also shown to be downregulated in the brain 
in rats given access to running wheels (an activity that has been shown to increase 
synaptic plasticity). This downregulation could allow for increased plasticity at specific 
positions during a limited time window. Support of this hypothesis came when it was 
shown that NgR1 was downregulated in the somatosensory cortex in rats subjected to a 
thoracic spinal cord injury (Endo et al., 2007). The downregulation of NgR1 was 
specifically seen in those parts of the somatosensory cortex that responded to 
stimulation of the hind- and forelimbs. Using fMRI it was shown that the area that used 
to be activated by the forelimbs expanded into the area that used to receive input from 
the hind limbs; hence the downregulation of NgR1 was specific to the areas that were 
undergoing plastic changes. NgR1 is also downregulated at 7-15 days following 
hippocampal lesions (Mingorance et al., 2004). Of note, there was a small upregulation 
24 h after the lesion. To conclude, NgR1 is downregulated in association with increases 
in neuronal activity or plastic changes. Following middle cerebral artery occlusion 
NgR1 expression was shown to increase (Wang et al., 2010). However, when rats with 
middle cerebral artery occlusion received a combinatorial treatment that resulted in 
functional improvement, NgR1 levels were decreased suggesting that lower than 
normal levels of NgR1 expression can be beneficial for neuronal outgrowth/repair 
(Shehadah et al., 2010). While Nogo-A levels generally appear to be more stable 
increases have been noted in a rat stroke model in cortical areas after 28 hours 
(Cheatwood et al., 2008). Interestingly, there was a transient downregulation during the 
first 1-14 days after the stroke (Cheatwood et al., 2008). 
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NOGO-RECEPTORS AS REGULATORS OF SYNAPTIC 

PLASTICITY IN THE INTACT CNS 
Recently, there has been an increased interest in the possible roles of MAIs in the 
uninjured nervous system. Given that NgR1 is expressed selectively by neurons, and 
that Nogo is also expressed by a set of neurons, one focus of interest has become gray 
matter and structural synaptic plasticity.  
 
MYELIN ASSOCIATED INHIBITORS IN EXPERIENCE-DEPENDENT 
PLASTICITY 
The first conclusive evidence that the Nogo system is involved as a regulator of plastic 
changes came in studies on plasticity in the visual cortex after monocular deprivation. It 
has long been know that by closing the contralateral eye, the visual cortex will 
increasingly start to respond to information from the ipsilateral eye (Hofer et al., 2006). 
In a paper from 2005 McGee and colleagues found that plasticity in the visual cortex 
remained high after monocular deprivation past the critical period for such plasticity 
(that normally ends around day 32), in mice that lacked NgR1 (NgR1-/-) (McGee et al., 
2005). In fact even NgR1-/-mice that were 4 months old exhibited significant plasticity 
in their visual cortex. Furthermore, when Nogo-A/B was knocked out plasticity was 
increased similarly as seen in mice lacking NgR1, suggesting that Nogo signaling 
through NgR1 could be a mechanism by which plasticity is normally suppressed 
following closure of the critical period. Nogo-A, OMgp and MAG can also bind to a 
second receptor called PirB (Atwal et al., 2008) and deletion of this receptor has also 
been shown to result in increased plasticity in the visual cortex following monocular 
deprivation (Syken et al., 2006). Furthermore, rearing mice in the dark has been shown 
to delay the maturation of GABAergic neurons as well as the deposition of CSPG into 
perineuronal nets and affect the monocular response (Pizzorusso et al., 2002). Recently 
it has also been shown that NgR1 as well as NgR3 works as receptors for CSPGs 
suggesting that NgR1 might also play a role in the CSPG induced response as well 
(Dickendesher et al., 2012).  
 
STRUCTURAL PLASTICITY 
The first evidence supporting a role for the Nogo-system in plastic responses in the 
uninjured CNS came when it was shown that addition of IN-1 antibody to uninjured 
cerebella resulted in increased axonal sprouting already after two days, an effect that 
disappeared after one month (Buffo et al., 2000). When organotypic hippocampal 
cultures were treated with an anti-Nogo antibody it resulted in significant changes in 
dendritic structures as measured by Scholl analysis. When NgR1 or Nogo-A were 
inhibited with a blocking antibody there was a profound effect dendritic structure and 
spine types, while changes after Nogo-A deletion were smaller (Zagrebelsky et al., 
2010). Nogo-A knock-out mice have also been shown to have increased growth cone 
motility and this appears to be dependent on changes in RhoA activation (Montani et 
al., 2009). It has recently been shown in both cell and tissue culture that loss of NgR1, 
NgR2 or NgR3 independently will result in an increase in spine density (Wills et al., 
2012). Furthermore, overexpression of NgR1 resulted in decreased spine density in 
vitro. In vivo, a single knock-out of any of the three NgR genes did not result in an 
increase in spine density. However, when all three Nogo-receptors were knocked out, a 
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significant increase in spine density was seen in vivo (Wills et al., 2012). It has also 
been shown that this effect appears to be mediated by the co-receptor TROY and the 
downstream regulator RhoA. It was also confirmed that NgR1 is regulated by neuronal 
activity as previously demonstrated (Josephson et al., 2003) but also that NgR2, NgR3 
and TROY are regulated by neuronal activity.  
 
ELECTROPHYSIOLOGICAL PLASTICITY 
Changes in electrophysiological activity such as LTP and LTD have been linked to 
changes in synaptic structure (Saneyoshi et al., 2010). Addition of Nogo-66 or OMgp 
to hippocampal slices result in reduced LTP in a NgR1 dependent manner (Raiker et 
al., 2010) and blocking Nogo-A or NgR1 using blocking antibodies increase LTP 
(Delekate et al., 2011). While NgR1-/- mice do not show any impairment in LTP 
induction (Lee et al., 2008; Raiker et al., 2010) they do exhibit impairment of LTD. 
When NgR1 is instead overexpressed, the formation, length and de-potentiation of LTP 
is similar to that seen in control mice (Karlen et al., 2009), even though such 
overexpression severely impairs the ability to from lasting memories (see results 
below).  
 
MYELIN INHIBITORS IN DISEASE  
The Nogo-system has been implicated in both neurodegenerative and neuropsychiatric 
diseases. For instance, it has been shown that Reticulon members (He et al., 2004), one 
of them being Nogo-A, can bind to and modulate the activity of BACE1, a key 
molecule in the formation of Aβ (Hardy and Selkoe, 2002). Nogo knockout mice that 
overexpressed APP showed less impairment in the Morris water maze compared to 
control mice, without affecting plaque load (Masliah et al., 2010). The expression of 
synaptic proteins was however normalized, and a possible conclusion is that loss of 
Nogo-A can partly rescue the memory impairment in these mice by increasing 
compensatory plasticity. Nogo-B expression has been shown to increase in aged and 
Aβ treated rats, while Nogo-A expression was not changed. Nogo-B expression was 
correlated with increased activity of microglia and impairments of LTP induction 
(Murphy et al., 2011). Of note, Nogo-A expression has been shown to increase in a 
group of aged rats with cognitive impairment compared to age matched controls and 
the Nogo-A levels had an inverse correlation with performance (VanGuilder et al., 
2011).  
 
Nogo receptors have been implicated in modulating plaque formation in a mouse model 
of Alzheimer’s disease (APPswe/PSEN1). Park and colleagues showed that NgR1 can 
bind to APP and Aβ and that NgR1 overexpression in neuroblastoma cells decreased 
Aβ production (Park et al., 2006a). When NgR1-/- mice were crossed with 
APPswe/PSEN1 mice, NgR1-/-/APPswe/PSEN1 animals had a higher plaque load than 
NgR1+/-/APPswe/PSEN1 mice, suggesting that NgR1 can influence plaque formation. 
In a follow up study, subcutaneously delivered soluble NgR1 decreased plaque loads 
(possibly by working as a peripheral sink for Aβ) and attenuate the age related decline 
in cognitive function seen in APPswe/PSEN mice with control treatment (Park et al., 
2006b). There are also reports to suggest that while the neuronal density in Alzheimer 
patients decrease, the density of NgR1 expressing neurons stays rather stable in the 
dentate gyrus (Zhu et al., 2007), suggesting that NgR1 might have some protective role 
or that neurons that do not normally express NgR1, induce expression in Alzheimer 
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patients. Zhou and colleagues (Zhou et al., 2011) confirmed that NgR1 can bind to APP 
but unlike the study by Park and colleagues (Park et al., 2006a) they found an 
interaction between APP and all NgRs, but no interaction between NgRs and Aβ. Zhou 
and colleagues also found that overexpression of NgR2 (and to a lesser extent NgR1 
and NgR3) increased the formation of Aβ and mice lacking NgR2 had reduced 
depositions of Aβ.  
 
The Nogo system has also been linked to schizophrenia, and mutations in NgR1 (that 
affect Nogo binding) have been found in patients with schizophrenia. NgR1-/- mice 
show some phenotypes akin to schizophrenia (Budel et al., 2008). Mice lacking Nogo-
A were also found to exhibit phenotypes common in schizophrenia (Willi et al., 2009; 
Willi et al., 2010).   
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MEMORY 

The brain has the capability of storing our experiences as long-term memories that in 
some instances can be recalled for the rest of our lifetime. The form in which these 
memories are stored has been difficult to elucidate. However, there is now a growing 
agreement that long-term memory formation involves structural changes in the 
neuropil. The formation of new contacts and the elimination of old contacts cause an 
alteration of the synaptic network which in turn carries the new memory.  
 
As plastic changes within telencephalon are believed to be the anatomical foundations 
of memories, it is interesting that the CNS of mammals is highly inhibitory to neuronal 
outgrowth. The aim of this thesis was to investigate how some of these inhibitors 
(mainly the NgR1) are regulated by neuronal activity and to see if they can influence 
the formation of long-term memories. 
 
Memory does not appear to exist in a single functional system that handles all types of 
information that is intended to be retained. Current models of memory instead describe 
a variety of different memory systems that can work, to some extent, independently so 
that damage to one system will not necessarily impair function in other systems. These 
memory systems do not only differ in the type of information that they handle but they 
also appear to utilize different regions of the brain for their function.  
 
WORKING MEMORY 
The terms short term memory and working memory are sometimes used as synonyms 
and sometimes with distinction, generally that working memory involves conscious 
manipulation of information while short term memory typically refers to storing it 
(Baddeley, 2003). In this thesis they will both be described as “working memory” and 
refer to information that can be held in mind simultaneously without the involvement of 
long-term memory. Some studies suggest that when working memory is stretched to its 
limit it might also engage the medial temporal lobe/hippocampus (Jeneson and Squire, 
2012; Squire and Wixted, 2011). 
 
DESCRIPTIVE MEMORY 
Descriptive memories are the foundation of what is normally considered our long-term 
memory and are divided into semantic memories (facts) and episodic memories 
(experiences). These memories can either be retained for a brief interval (for example, 
when cramming for an exam) or can be long-term as (hopefully) remembering your 
door/pin code. The exact relation between semantic and episodic memory is not 
established but it has been postulated that semantic memory forms a foundation that 
higher order memories (episodic) can be built upon (Eustache and Desgranges, 2008). 
There are suggestions that semantic and episodic memories uses somewhat different 
brain systems (Vargha-Khadem et al., 1997), while other studies support the claim that 
hippocampus is essential for both types of memories (Manns et al., 2003a; Manns et al., 
2003b).  
 
Long-term memory refers to information that can be stored for a prolonged period of 
time in the brain. A key to our understanding of which brain structures that are needed 
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for the formation of long term memories were the observations of a neurosurgical 
patient (H.M.) who in 1953 (Scoville and Milner, 1957; Squire, 2009) had surgery to 
remove parts of his medial temporal lobes bilaterally, to address irretractable epileptic 
seizures. What was not known at the time, but became apparent after, is that the medial 
temporal lobes are essential for the formation of new long-term memories. H.M. was 
not impaired on IQ-tests following the surgery (in fact his performance improved) but 
his ability to form new descriptive memories was severely impaired. The lesion in 
H.M. was far too large to specifically identify the important regions but following the 
discovery of the importance of the medial temporal lobe in memory formation, several 
other reports both in patients (Manns et al., 2003a; Manns et al., 2003b; Rempel-
Clower et al., 1996; Zola-Morgan et al., 1986) and in animals (Squire and Zola-
Morgan, 1991; Zola-Morgan et al., 1986; Zola-Morgan et al., 1994) have clarified the 
structures involved in long term memory formation. The general picture that has 
emerged is that while damage to the hippocampus (for instance only the CA1 area) was 
sufficient to result in memory impairment it is not enough to cause an impairment that 
is similar in extent to that seen in H.M. Instead it appears that other structures such as 
the entorhinal, perirhinal, and parahippocampal cortices are also involved in memory 
processing and together they make up a large part of the parahippocampal gyrus. MRI 
studies of patients that exhibit memory impairments after anoxic experiences have 
repeatedly shown reduction in hippocampal volume of around 40% (Cipolotti et al., 
2001; Isaacs et al., 2003; Shrager et al., 2008; Squire et al., 1990). Regions outside of 
the telencephalon, most notably in the diencephalon, are also important for memory 
functions and several studies have implicated nuclei in thalamus (especially the medial 
dorsal nucleus) in memory impairments (Gold and Squire, 2006; Harding et al., 2000; 
Mayes et al., 1988; Squire et al., 1989).  
 
A very important distinction is that while the medial temporal lobes are required for the 
formation of long-term descriptive memories, it does not appear to be the storage site 
for these memories. Instead it is believed that long-term memories reside in neocortex 
(Danker and Anderson, 2010) close to the regions that originally interpreted the 
information and that have been shown to be re-activated during retrieval (Nyberg et al., 
2000). Hence damage to the region of the brain that process color would impair 
retrieval of “colorful memories”, something that has also been seen in a patient (Sacks, 
1995). The amnesia seen after medial temporal lobe lesions is generally antereograde, 
but retrograde amnesia of a period ranging from a few years up to a decade before 
medial temporal lobe damage can be seen depending on the extent of the lesion (Bayley 
et al., 2006; Bright et al., 2006; Manns et al., 2003b). In this thesis memories that last 
for longer than three weeks will be defined as lasting memories and as will be 
described in the results section these type of lasting memories are affected by 
overexpression of NgR1. 
 
NON-DECLARATIVE MEMORY 
These are memories that are stored in the brain and influence our behavior but unlike 
declarative memories, we are not aware of how the information contained in non-
declarative memories is stored. For example we know how to ride a bike but cannot 
explain how we specifically learned to master it. 
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Perceptual memories 
Perceptual memories refers to information that is perceived and that can later affect our 
behavior but without entering our conscious mind. For instance when people are shown 
words in one context such as counting the number of letters in each word the brain will 
unconsciously be primed for these words. When subjects are later shown only the first 
few letters of these words and are asked to fill in the last part, they use the words shown 
earlier at a higher frequency then other words starting with the same stem, even though 
they have no conscious recollection of previously seeing the words (Tulving, 1982). 
Patients with severe MTL lesions have been shown to have normal perceptual 
memories but these may not be as long lasting as in controls (Squire et al., 1987).  
 
Procedural memories 
Procedural memory is generally considered distinct from other types of memories 
discussed above, and has received substantial attention as a system underlying many of 
our acquired motor skills. For instance while H.M. was severely impaired with regard 
to descriptive memories, his performance was comparable to controls in learning the 
mirror drawing test. Using a group of amnesic patients it was shown that they could 
learn to read mirrored words as well as controls (Cohen and Squire, 1980). Amnesic 
patients when confronted with tasks that cannot be learned, (outcome is probabilistic 
and relies on “gut feeling”), perform equally well as controls (Knowlton et al., 1996). 
Amnesic patients could learn an eight-pair discrimination task using habit memory, but 
instead of the 80 trials that the controls required, amnesic patients required > 1000 trials 
and were not aware of the fact that they had practiced the test (Bayley et al., 2005). 
Rodents with hippocampal lesions can still learn a version of the Morris water maze 
when the starting location is held constant (always same path to platform) but are 
deficient when the start location varies (require the use of external cues to locate the 
platform. Procedural memories appear to require both striatum and cerebellum and 
patients with Parkinson’s disease show impairments in tests involving procedural 
memory (Knowlton et al., 1996). 
 
SYNAPTIC PLASTICITY 
For more than a century it has been believed that both spines and the structure of 
dendrites are important for memory storage (Garcia-Lopez et al., 2007; Shepherd and 
Erulkar, 1997). Raisman provided convincing evidence for synaptic alterations in the 
brain at the EM level by deafferentation studies in the septal nucleus (Raisman, 1969) 
and a similar occurrence of denervation-induced alterations in the hippocampal 
formation was later seen (Cotman et al., 1973). It has also been shown that spines are 
highly dynamic structures. For instance, a synapse loss of around 50% is seen during 
the postnatal period (Huttenlocher, 1979; Rakic et al., 1986; Rakic et al., 1994). After 
this major change, the synaptic densities remain rather stable through to adulthood until 
a small decline can be seen in aged individuals (Duan et al., 2003; Terry et al., 1991). If 
spines are indeed part of the neuronal substrate for memory, it would be necessary for 
spines (at least some of them) to also be highly stable. While there are some 
contradictory results regarding spine stability, the overall picture suggests that there are 
indeed spines that are stable for very long time periods and that the difference that was 
initially seen was due to different methods and did not reflect differences in factual 
spine dynamics (Holtmaat et al., 2005; Mizrahi et al., 2004; Pan and Gan, 2008; Xu et 
al., 2007). If spines are indeed important for the formation of memories then they 
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should change in response to stimuli. When LTP is induced in brain slices there is also 
an increase in dendritic growth and spine formation (Engert and Bonhoeffer, 1999; 
Maletic-Savatic et al., 1999; Toni et al., 1999; Zhou et al., 2004) while LTD induction 
reduces spine numbers and results in spine shrinkage (Nagerl et al., 2004; Zhou et al., 
2004). Furthermore, increases in spine density have been reported after environmental 
enrichment, rearing training and long term sensory stimulation (Greenough et al., 1985; 
Knott et al., 2002; Kolb et al., 2008; Moser et al., 1994). In a highly influential paper it 
was shown that formation of new spines correlated with improvements in the 
accelerating Rotarod and that some of the newly formed spines were highly stable 
(months) (Yang et al., 2009). Spine density can also be increased by the administration 
of drugs of abuse; interestingly while both psychostimulants and opiates show very 
similar initial behavioral responses the changes in neuronal structures are opposite 
(Luscher and Malenka, 2011; Russo et al., 2010). Thus psychostimulants increase spine 
density while opiates have the opposite effect. There are several proteins that influence 
spine dynamics (Bhatt et al., 2009) but of specific interest for this thesis is the notion 
that RhoA is highly involved (Linseman and Loucks, 2008; Schubert and Dotti, 2007). 
 
PLASTICITY IN HUMANS 
While the possibilities to study spine dynamics in animal models has increased 
tremendously by the development of in vivo two-photon microscopy, the possibilities to 
study spine changes and dynamics in humans is still challenging at best. Most studies 
have focused on indirect methods such as change in size of brain areas. One of the first 
studies to implicate changes in brain structure with activity in humans was the a study 
showing that taxi drivers in London had larger posterior hippocampi (but smaller 
anterior hippocampi) than control individuals (Maguire et al., 2000). Following this 
study, several studies have shown changes in brain structure as the result of a plethora 
of circumstances; for instance in students studying for an extensive medical exam both 
the hippocampus and part of the parietal lobe increased in size (Draganski et al., 2006). 
Many other examples exist and include several different types of experiences (reviewed 
in (Fields, 2011). However, most of these studies have used MRI or similar techniques 
so it is not possible to know the exact substrate of this plasticity. For instance, it is 
appealing to assume that training would result in an increase in dendritic arborization 
and an increase in spine density but other explanations such as increased 
vascularization cannot be ruled out.  
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AIMS 
 
 
 
To investigate the distribution and regulation of the Nogo-receptors and the NgR1 
inhibitor LOTUS 
 
 
To analyze the effect of NgR1 overexpression on lasting memories 
 
 
 To determine if NgR1 overexpression in forebrain neurons affects plaque deposition or 
cognition in a mouse model of Alzheimer’s disease 
 
 
To examine if NgR1 overexpression affects the formation and stability of a behavioral 
sensitization induced by psychostimulants 
 
 
To analyze if NgR1 overexpression affects spine dynamics	
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MATERIALS AND METHODS 
 
ANIMALS 
Experiments in this thesis were approved by the Stockholm Animal Ethics committee. 
 
MemoFlex mice 
NgR1 overexpressing mice (MemoFlex) were created by cloning a 1.4 kb fragment of 
mouse NgR1 into the HindIII-XbaI site of pTRE2 mice (BD Biosciences Clontech). 
The resulting plasmid was purified and microinjected into pronuclei of fertilized mouse 
eggs from C57BL/6 mice (MouseCamp, Karolinska Institutet). The resulting mice, 
pTRE-NgR1 were crossbred with mice carrying a tTA transgene under the control of 
the CamKII promoter (Jackson Laboratories) to create MemoFlex mice. The 
overexpression of NgR1 can be turned off by adding doxycycline to the drinking water 
(100 mg /l in paper I and 200 mg/l in paper III). 
 
NgR1 knockout mice 
The NgR1 knockout mice used in study III were a kind gift from Dr. Marc Tessier-
Lavigne (Genentech,USA) and have been described previously (Zheng et al., 2005).  
 
Housing 
Mice were group housed separated based on sex (weaned at 3 weeks of age) in cages 
with access to food and water ad libitum. Mice were kept on a 12/12 hour light/dark 
cycle; lights were on between 06:00 and 18:00. The temperature was kept at 22-23°C 
with a relative humidity of 60 %. In the cages, mice had access to a small paper house 
and tissue paper as “enrichment”.  
 
LOCOMOTOR, BALANCE AND COORDINATION TESTS 

 
Rotarod 
To assess if overexpression of NgR1 would result in impairment of motor function we 
analyzed the performance of mice in a Rotarod test. Mice are put on a horizontal rod 
that can change rotating speed and the time they stay on the Rotarod is measured. 
During the first day mice were exposed to three training sessions. In the first, mice were 
habituated with a stationary rod and in the two subsequent trials the rod rotated at a 
fixed speed (4 rpm).  The trials were 180 s with a 60 s inter-trial rest period. On the 
second day the rod was set to accelerate from 4-40 rpm and each mouse was trained 
twice for 180 s (60 between trials). On the third day (test day) two trials were 
administered with an accelerating rod (4-40 rpm) with a trial length of 300 s (60 s 
between trials). The latency to fall (or rotate off the top of the rod) was measured by the 
Rotarod timer and the average for the two trials was used as a measure of locomotor 
proficiency for the mouse.  
 
Locomotion and Open Field 
We used a multi-cage automated system that uses infrared beams to measure locomotor 
activity and explorative behavior (AccuScan VersaMax, Accuscan Instruments) to 
assess the amount of basal locomotor activity in MemoFlex mice. This apparatus 
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consists of eight transparent Plexiglas chambers (42 * 42 *30 cm) connected to a 
computer system that measures the number of beam breaks. These are then converted 
to horizontal and rearing activity and summed for 5 min bins for 60 min total.   
 
Elevated Plus-Maze 
To assess anxiety associated behavior the elevated plus maze system was used. This 
maze consists of 4 arms (30 cm long 5 cm wide); two of these are closed with gray 
walls and two of the arms are open (lacking walls). The maze was elevated 60 cm from 
the ground and the amount of time and entries to the closed and open arms are recorded 
using a camera-based system (Ethovision, Noldus).  
 
Running Wheel 
Mice that are given free access to running wheel will gradually increase the distance 
they run in the wheels. MemoFlex mice and control mice were given free access to 
running wheels. During the experiment mice were single-housed in cages (22*16*14 
cm) with running wheels (r=12.4 cm; one revolution = 39 cm) for 5 weeks and the 
running activity was measured continuously. During the experiment the animals had 
free access to both food and water.  

 

MEMORY TESTS 

 
Morris water maze 
Morris water Maze (MWM) (Morris, 1984) is one of the most widely used tests for 
testing visuospatial memory (Vorhees and Williams, 2006) in mice and has been shown 
to rely heavily on the function of the hippocampus (D'Hooge and De Deyn, 2001; 
Sharma et al., 2010). 
 
We used the Morris water maze in papers I and II to assess the ability of our different 
mice strains to form spatial hippocampal dependent memories.  In our setup of the 
MWM we use a circular tank (180 cm in diameter) with a hidden platform (10 or 15 
cm) in diameter. Surrounding the tank several external cues were placed to assist the 
mice in “triangulating” the location of the platform. North in the tank was defined as 
the pool position furthest from the experimenter and south as the closest, west is to the 
left of the experimenter and east to the right. These positions were used as starting 
positions for the mice. Mice were trained for 4 trials per day during 7 days (28 trials in 
total). In each trial the mice were semi-randomly (never the same starting location 
twice in one day) put into one of the four starting points (north, east, south and west). 
There was at least 30 minutes between two trials for the individual mice. During the 
learning phase the platform remained in a constant position in one of the four quadrants 
of the water maze. We used the Morris water maze to assess hippocampal dependent 
memory. To verify that the learning was indeed hippocampal dependent and not due to 
other strategies used by the mice, such as swimming at a constant distance from the 
wall, we used probe trials (without platform) at various time-points (after the learning 
phase or during follow-up tests of long lasting memory) to assess if mice spend more 
time in the quadrant that used to contain the platform compared to the 3 other 
quadrants. After putting mice into the tank the experimenter moves to an adjacent room 
and the performance of the mice is recorded using a video system and several 
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parameters (latency, distance, swim speed, thigmotaxis etc) can be analyzed using a 
computer program (Water Maze Software). To assess how stable the learning of the 
platform location had become in our mice we retested them in the MWM after a 
prolonged delay (39-60 days).  
 
Radial Arm Water maze 
In paper II mice were also tested in a radial arm water maze (RAWM) that compared to 
the open pool in MWM instead consists of a small open center zone (40 cm in 
diameter) from where 6 arms (30 cm long and 19 cm wide) emanate. In one of the 6 
arms a hidden platform was placed and the other 5 arms were used as starting locations. 
The mice were trained in the RAWM for 4 days with 4 trials per day. During each trial 
mice were semi-randomly (never same arm twice) put into one of the empty (no 
platform) arms and during 60 s the number of entries into arms that did not contain a 
platform was recorded. The location of the platform was held constant during the 
learning phase but changed between experiments (some mice were tested in the maze 
more than once).  
 
Passive avoidance 
Memories that involve aversive events (fear conditioning) are generally thought to rely 
heavily on the function of amygdala. (LeDoux, 2007; Sigurdsson et al., 2007). One way 
to assess fear memory is to use a contextual system where in a two compartment box 
one room is associated with fear while the other room is not. The preference for the 
non-associated box can be used to assess the strength of the fear memory.  
 
We used two different systems (Ugo Basile and TSE Systems) that differed somewhat 
in how movement of mice was measured and in the size of the boxes to test passive 
avoidance (paper I). The learning phase for these tests consists of a single exposure; 
mice were put into the bright side of a two compartment box with one illuminated 
(bright) side and one dark side. The two sides of the box are separated by a door that is 
closed when the mice is put into the box. After 60 s of exploration the door will open 
and mice will have access to the dark compartment as well. When the mouse enters the 
dark compartment the door will close and a single foot shock will be administrated (0.3 
mA, 2 s, via a metal grid floor). Thereafter, the mouse was left in the dark compartment 
for 30 s after the shock before being removed (a maximal time of 300 s is set and if 
mice did not enter they were removed from the study). To investigate the retention of 
these memories, mice were re-exposed to the apparatus after 1 and 7 days as well as 
after 4 weeks. During these retention tests the door between the compartments was left 
open during the entire trial time (300 s) and no shock was administered and the time 
before mice entered the dark compartment was recorded (mice that did not enter the 
dark compartment were assigned the time 300 s).  
 
Drug induced sensitization 
It is well known that mice that are given psychostimulants will show an increase in 
locomotion with repeated administration, even if the dose is held constant. In paper III 
we exposed both NgR1 overexpressing mice and NgR1 knockout mice (NgR1-/-) to a 
sensitization paradigm. 
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To measure drug induced locomotor activity, mice were put into AccuScan boxes as 
previously described. This enabled us to closely measure locomotor activity and also 
provides a new environment for the sensitization, something that has been shown to 
enhance the sensitization response (Badiani et al., 1995). We used a 9 day sensitization 
paradigm, during the first two days mice get saline injections and for the last 7 days 
they will receive injections of D-amphetamine 2mg/kg (Lipomed, Arlesheim, 
Switzerland), both I.P. All trials were 90 min long and after the experiment mice were 
returned to their home cages. The Accuscan boxes also recorded stereotypy behavior. 
 
CELLULAR EXPRESSION OF MRNA SPECIES 

 
Oligonucleotide probes 
One way to measure mRNA levels is to use quantitative in situ hybridization (ISH). It 
has been shown that expression levels measured by ISH and quantitative PCR correlate 
strongly (Broide et al., 2004), confirming accuracy of quantitative ISH. In papers I and 
IV ISH using oligonucleotide probes of ~50 bp were used to analyze the expression of 
mRNAs of interest. To ensure that the probes were specific they were first aligned to all 
publicly known sequences using UCSC genome browser (http://genome.ucsc.edu/) and 
folding energy was assed using Mfold (Version 3.2) (Mathews et al., 1999; Zuker, 
2003). Two or more oligonucleotides, targeting different parts of a given mRNA of 
interest were created and the expression of both were compared before one was chosen 
for the experiments (expression patterns were identical but some probes generated 
stronger signals and were chosen for subsequent experiments), expression patterns were 
also compared to previously published data when available. The following 
oligonucleotides were used: 
 
 Paper I Nogo-A: (5 -GCT CTG GAG CTG TCC TTC ACA GGT TCT GGG GTA 
CTG GGG AAA GAA GCA-3 ), NgR1: (5 –AGT GCA GCC ACA GGA TGG TGA 
GTA TCC GGC ATG ACT GGA AGC TGG C-3 ), transgene-specific NgR1: (5 -
GGA GGC TGG ATC GGT CCC GGT GTC TTC TAT GGA GGT CAA AAC AGC 
GTC-3 ), endogenous-specific NgR1: (5 -TTC GGG GTC GAG CGG GGC GCG TCG 
GGC ACT GGA AGC GGC TTC GGG GCG-3 ), Lingo-1: (5 -TCC AAG ACC TTG 
AGT CGG TAC AGC CTC TTG AAG GAG TAG TCC CGG ATG GC-3 ), Troy: (5 -
TTT ATT CCT GCT ACT CGC CAG TGC TGT GCT CCA GAC TCA CGC TTT 
CCG-3 ), p75 (5 –GGC CAC AAG GCC CAC GAC CAC AGC AGC CAG GAT 
GGA GCA ATA GAC AGG-3 ) and BDNF (5 -CTC CAG AGT CCC ATG GGT 
CCG CAC ACC TGG GTA GGC CAA GCT GCC TTG-3 ) 
 
Paper IV: NgR1: (5-GTG CAG CCA CAG GAT AGT GAG ATT TCG GCA TGA 
CTG GAA GCT CGC AGC TTC GGG GCG-), NgR2: (5-AGG GCG CTC AGT CCA 
CAC TTA TAG AGG TAG AGG GCG TGA AGC TTC-3), NgR3: (5-AAG GAC 
AGC GGC ACT GAG GAG AAG TTG TTG GCC TGG CAG CTC ACG GT-3)”, 
LOTUS: (5-ACA GAC AGT GGC TGA GCC ATG GAC TCT CCA TGT GAC AAG 
ATG AGA TAA AGC A-3). 
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In situ hybridization 
In situ hybridization was performed based on the procedure developed by Dagerlind 
and colleagues (Dagerlind et al., 1992). Probes were labeled with 33P at the 3’ end using 
terminal deoxynucleotidyl transferase (TdT) (Amersham Biosciences, 
Buckinghamshire, UK) and purified using ProbeQuant G50-Micro columns 
(Amersham Biosciences). Before processing, cryosections were air-dried for 3-5 h after 
which they were hybridized over night at 42°C in a humidified chamber; labeled 
Oligonucleotides were added to the hybridization mixture and covered with Parafilm 
(Parafilm M, VWR international). After overnight incubation slides were washed 5 
times in 1X SSC buffer (60°C) for a total time of an hour, cooled to room temperature 
and dehydrated using rapid submersion in increasing concentrations of ethanol (50%, 
95%, 99.5%) and air dried.  
 
Visualisation of probe radioactivity 
When the ISH slides have dried they are placed overnight with phosphoimaging plates 
to ensure quality and strength of labeling and to determine the exposure time needed for 
film autoradiography (Fujix BAS-3000; Fuji Photo Film Co, Tokyo, Japan). When an 
appropriate time exposure time has been established, slides were placed on 
autoradiographic films (Biomax; Eastman Kodak Co, Rochester, NY, USA), a 14C 
standard was also included and the slides were left on film for between 2 days and 4 
weeks, depending on the strength of the probe. The films were developed and scanned 
(Epson perfection pro V750, Epson, Nagano, Japan) and the expression in defined areas 
was quantified using appropriate software (ImageJ (V1.32 and 1.44p), 
http://rsb.info.nih.gov/ij/). Measured expression levels are then converted to nCi/g 
(Paper I) or expressed as percent of controls (Paper IV). 
 
Western blot 
For paper I, adult mouse tissues (hippocampus, olfactory bulb, spinal cord, cortex and 
striatum) were dissected and frozen using liquid nitrogen and kept in a -80°C freezer 
until used. Tissues were sonicated in 1% sodium dodecyl sulfate and boiled for 10 min.  
Aliquots of the homogenate were used for protein content determination using the 
bicinchoninic acid protein assay method (Pierce). Protein (60 µg) from each sample 
were loaded onto a 10% polyacrylamide gel and separated by SDS-polyacrylamide gel 
electrophoresis after which the proteins were transferred to polyvinylidine difluoride 
membranes (Amersham Pharmacia Biotech). Membranes were next immunoblotted 
using a Goat anti-NgR1 antibody (R&D Systems). Anti-body binding was revealed by 
the secondary anti-goat IgG antibody (Rockland) and the Odyssey System 
immunoblotting detection system.  
 
In a second experiment, NgR1 protein expression was analyzed after adding 
doxycycline. Fresh frozen mouse tissues were lysed and sonicated in 0.5% Triton X-
100, 3% SDS, 50 mM Tris-HCl, pH 7.4, 150 mM NaCl, and 1 mM EDTA containing 
protease inhibitor mixture (Sigma), NaF, and phosphatase inhibitor cocktails 1 and 2 
(Sigma).  The samples were added to SDS/PAGE (NuPage 4–12% Bis-Tris Gels, 
Invitrogen) followed by immunoblotting. Membranes were incubated with primary 
antibodies against NgR1 (R&D Systems), GAPDH (Abcam), and N-Cadherin (Novus 
Biological) washed and then probed with a secondary antibody (Alexa-680, Invitrogen 
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or IRDye-800, Licor). The membranes were later scanned using an infrared scanner 
(Odyssey, Licor). 
 
Membrane fractionation 
Fresh frozen mouse tissues were homogenized using a Dounce homogenizer in 
hypotonic buffer (10 mM NaHCO3 with protease inhibitor and phosphatase inhibitors 
cocktails). After 10-min incubation on ice, nuclei and cell debris were removed by 
centrifugation at 1 200 * g for 10 min. The resulting supernatant was removed and 
centrifuged again, this time at 21 600 * g for 30 min in a Beckman L7 ultracentrifuge to 
remove the internal membranes. This was followed by centrifugation at 150 000 * g for 
2 h to isolate plasma membranes. The pellet containing the plasma membrane was 
washed by resuspension in hypotonic buffer and centrifuged at 150 000 * g for 2 h and 
then solubilized in an extraction buffer containing 0.50% Triton-X-100, 50 mM Tris-
HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% SDS, and protease inhibitor and 
phosphatase inhibitors cocktails. The expression level of NgR1 in the plasma 
membrane fraction was determined by SDS/PAGE (NuPage 3–8% Tris-acetate Gels, 
Invitrogen) followed by Western blotting as described above.  
 
RhoA activity assays 
For paper I, a commercially available ELISA-based RhoA activity assay (G-LISA; 
Cytoskeleton) was used to measure the relative RhoA activity of hippocampus from L1 
and control mice.  
 
Immunohistochemistry 
Mice were deeply anaesthetized with pentobarbital and a needle was inserted into the 
heart through which first 10 ml of Thyrode and then 50 ml of fixation solution (4% 
formaldehyde with 0.4% picric acid in PBS) were perfused. The brains were removed 
and immersed in the same fixative; later they were rinsed and kept in sucrose (changed 
>3 times). Brains were later cryosectioned (Microm HM 500 M, GM Inc USA, 14µm) 
and processed for immunhistochemistry.  Sections were rehydrated in PBS for 10 min 
and covered with blocking solution (PBS with 0.1% Triton-x, 5% goat serum, and 2% 
BSA) for 1 h. After blocking, primary antibodies were added to the sections in a 
solution similar to the blocking solution but lacking BSA. For paper I, Goat anti-NgR1 
(R%D systems) with an anti-goat Cy3 conjugated antibody as a secondary antibody 
was used. To label plaques in paper IV an anti Aβ-42 antibody (Cell signaling Danvers, 
MA, USA) was used together with a secondary anti-rabbit biotin conjugated antibody, 
visualized by an avidin HRP procedure (ABC-kit, Vector Laboratories Burlingame, 
CA, USA). To visualize NgR immunoreactivity, a goat anti-NgR primary antibody 
(R&D systems, MN, USA) and, as a neuronal marker, an anti-NeuN antibody 
(Millipore, MA, USA) was utilized. Signals were visualized using fluorescent 
secondary antibodies, anti-goat Alexa 488 and anti-mouse Alexa 535 (Invitrogen, NY. 
USA) were used. Fluorescent images were taking using a Zeiss LSM 510 Meta 
microscope and all other pictures were taken using Zeiss Axiophot. 
 
Plaque quantification 
To enhance the contrast of plaques compared to background, hue and saturation was 
modified using an automated script (same settings for all brain regions) and appropriate 
software (Adobe Photoshop®). The images were converted to black and white and 
plaque load (area occupied by plaques and plaque numbers determined using 
appropriate software (Imagej (v 1.44p, http://rsb.info.nih.gov/ij/). Identical settings 
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were used for all slides within a specific region. Serial sections were taken (every 10 
section) and the average of 4-5 were analyzed and the average number was assigned as 
the value for a given mouse brain. 
 
Golgi staining and spine counts 
To visualize the dendritic tree of neurons and enable analysis of spine structure we used 
the Golgi method; this method randomly and completely stains a few neurons and 
leaves the majority of cells unstained. It is then possible to count individual spines on 
the scattered stained neurons without much interference from surrounding neurons. We 
used a rapid Golgi staining kit (FD Rapid Golgi kit, MTR Scientific) according to the 
manufacturer’s protocol. Once the tissue was stained it was cryosectioned at 180 µm 
and spines were counted. For paper I we analyzed spine density on the apical dendrite 
of pyramidal neurons in cerebral cortex (at least 50 µm from the soma), for a distance 
of 10 µm. Spines were visually categorized as mushroom shaped or non-mushroom 
shaped. For paper III the same staining procedure was used but sections were 
performed using a microtome instead of a cryostat (200µm). Spines were measured on 
both distal apical dendrites on pyramidal neurons in the cingulated gyrus and on 2:nd 
and 3:rd order dendrites on medium spiny neurons in the shell of nucleus accumbens 
using dedicated software (Neurolucida, MicroBrightField  inc,  VT, USA).  Spines were 
categorized as thin (thin and filopodia), mushroom or other.  

 
High-performance liquid chromatography  
Concentrations of monoamines (paper I) and their metabolites in brain tissue samples 
were determined by high-performance liquid chromatography (Andersson et al., 1995). 
The separations were accomplished using a reverse-phase column (Reprosil-Pur, C18-
AQ). Monoamines and metabolites were detected using an electrochemical detector 
system with a high sensitivity analytical cell and appropriate software (ESA 
Coulochem III and EZ Chrom Elite; ESA, Dalco Chromtech AB). Tissue level values 
were expressed as ng/g wet weight.  
 
Electrophysiology  
Brains were removed and immersed in cold (4 °C), oxygenated media, composition 
(mM): NaCl, 87; KCl, 2.5; MgCl2, 7; CaCl2, 0.5; NaH2PO4, 1.25; glucose, 25; sucrose 
45; and NaHCO3, 25. Transverse slices (280 m) were made using a vibrating tissue 
slicer (VT1000S, Leica Instruments), and incubated in normal media consisting of 
(mM): NaCl, 126; KCl, 3.0; MgCl2, 1.0; CaCl2, 2.4; NaH2PO4, 1.2; glucose, 11.0; and 
NaHCO3, 25, saturated with 95% O2 and 5% CO2. Individual brain slices were then 
moved to a recording chamber that was continuously perfused with normal media (3 
mL/min), and maintained at a temperature of 30–32 °C.  A blinded experimenter 
performed recordings in the CA1 region of hippocampus. Extracellular fEPSPs were 
recorded in stratum radiatum using glass micropipette electrodes filled with 3M NaCl, 
and an AC amplifier (A-M Systems Model 1800). The signals were high- (10 Hz) and 
low-pass (10 kHz) filtered, and acquired to a personal computer at 4 kHz via an A/D 
board (National Instruments PCI 6251), using appropriate software (WinLTP v0.95b, 
courtesy of Dr. William A. Anderson, University of Bristol, Bristol, U.K.). fEPSPs 
were elicited by electrical stimulation of stratum radiatum at a frequency of 0.033 Hz 
using single, 0.1-ms pulses, delivered through a bipolar electrode constructed using 
formvar insulated nichrome wire. After obtaining an input-output relationship (stimulus 



 

  23 

intensity versus peak fEPSP amplitude) for each response, the stimulus intensity was 
adjusted to produce a baseline fEPSP with a peak amplitude of 0.5–1 mV (30–40% of 
the maximum response). After at least 10 min of stable baseline, LTP was induced by 
either (1) high frequency stimulation (HFS) consisting of three trains of 1-s duration at 
100 Hz, delivered at 20-s intervals; or (2) theta-burst stimulation (TBS) consisting of 10 
bursts of five pulses at 100 Hz, with a 200-ms inter-burst interval. Both HFS and TBS 
were delivered at the stimulus intensity used to elicit the baseline responses. Peak 
amplitude and slope of the initial (1–2 ms) rising phase of the fEPSP were calculated 
using the acquisition software, and changes in the synaptic response were normalized to 
the baseline period. De-potentiation was induced by delivery of 1-Hz stimulation for 
either 5 or 15 min, beginning 5 min following TBS. 
 
Kainic acid administration 
In order to investigate how neuronal activity regulates mRNA expression of selected 
genes we administered Kainic acid (30 mg/kg i.p.) to mice as a single injection to 
induce profound neuronal activity (seizures). Following injections, the mice were 
carefully monitored and seizure activity was scored using a standardized seizure 
scoring scale (Sperk et al., 1985). Only mice that received a grade IV (rearing) or V 
(falling over) seizure score were included in the subsequent analysis.  
 

Statistics 
Data are always presented as the mean value with SEM unless otherwise stated.  
Comparisons between two groups were performed using unpaired t-tests, if several 
groups were included a general linear model was used with appropriate levels (for 
example one-way ANOVA for Kainic acid experiments). For behavioral experiments a 
generalized estimating equation procedure with an autoregressive covariance matrix or 
a mixed linear model was used. To further analyze the data, appropriate post hoc tests 
(with Bonferroni corrections) were used and specific tests were chosen both based on 
the contrast of interest and the variance structure. 
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RESULTS AND DISCUSSION 
The focus of this thesis has been to study the role of the Nogo-system with a strong 
focus on NgR1 and its roles in the intact nervous system. We have also analyzed the 
regulation and expression of the two homologous Nogo-receptors, NgR2 and NgR3 as 
well as LOTUS, an NgR1 inhibitor. To investigate if NgR1 is involved in memory 
formation we created a mouse model that overexpresses NgR1 in forebrain neurons 
(using the CamKII promoter to drive expression), the MemoFlex mouse. Using this 
mouse model we have investigated how NgR1 overexpression in forebrain neurons 
(and thereby inability to down-regulate NgR1 when needed) affects the formation and 
stability of spatial memory and fear conditioning memory. We have also investigated if 
MemoFlex mice have a different response to drugs of abuse by exposing the mice to a 
sensitization paradigm. Finally, we have investigated how NgR1 overexpression affects 
the formation of amyloid plaques by crossing them with a mouse model for 
Alzheimer’s disease. 
 
ACTIVITY-INDUCED REGULATION OF NOGO-RECEPTORS AND LOTUS 
It has been known for almost a decade that NgR1 expression can be downregulated by 
activity and it has also been shown that NgR1 expression is regulated in a variety of 
different settings (Endo et al., 2007; Josephson et al., 2003; Karlen et al., 2009; Wills et 
al., 2012). While most evidence suggests that NgR1 is downregulated following 
situations associated with increased neural activity and plasticity, it was recently shown 
that NgR1 mRNA and protein was upregulated in a rat stroke model, increasing the 
complexity of NgR1 expression regulation (Cheatwood et al., 2008). In this study, we 
subjected mice to Kainic acid and analyzed NgR1 expression and compared results to 
the earlier publication from our lab (Josephson et al., 2003). We included more time 
points as well as an analysis of regional levels of mRNA encoding of NgR2, NgR3 and 
the endogenous NgR1 antagonist LOTUS. We investigated four regions of interest that 
are all implicated in memory formation and associated with high synaptic plasticity 
CA1, CA3, the dentate gyrus and the retrosplenial cortex. Hippocampus has long been 
known to be important for memory and the retrosplenial cortex is also highly associated 
with both memory and cognition (Vann et al., 2009).  
 
In CA1 of hippocampus the levels of both NgR2 and LOTUS mRNA were highly 
stable and showed minimal modulation after Kainic acid administration (NgR2 was 
significantly but minimally downregulated after 12 h). In contrast, NgR1 mRNA was 
significantly downregulated after 4 h while the expression of NgR3 mRNA was 
strongly upregulated at 4 h and maintained until 12 h. The expression of LOTUS 
mRNA was stable in the CA3 region of hippocampus, suggesting that LOTUS levels in 
hippocampus proper are not significantly regulated by Kainic acid injection. NgR2 and 
NgR3 mRNA levels were both increased in CA3 at 4-12 h. This upregulation was 
significant for NgR3 but not for NgR2 (presumably due to high inter-individual 
variability). The expression pattern of NgR1 in CA3 was very similar to that seen in 
CA1 and NgR1 mRNA was significantly downregulated at both 2 and 4 h, by 12 h 
expression had returned to control levels. Interestingly, LOTUS, that did not show any 
regulation by Kainic acid in CA1 or CA3, was strongly upregulated in the dentate gyrus 
with a peak in expression seen at 12 h. In addition, both NgR2 and NgR3 mRNA levels 
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were upregulated in the dentate gyrus, peaking at the 4h mark for NgR3 and at 12 h for 
NgR2. Compared to NgR2, NgR3 and LOTUS, the levels of NgR1 mRNA expression 
showed a very different regulation after Kainic acid in the dentate gyrus with a 
significant decrease peaking already at 2 h. The expression patterns in the retrosplenial 
cortex were much more stable than those seen in hippocampus and the dentate gyrus. 
None of the tested genes showed any significant regulation in this area, instead 
expression patterns were remarkably stable during the 72 h period examined (with the 
exception of NgR3). 
 
The fact that the regulation of the different Nogo-receptors show temporal and spatial 
differences is highly interesting, especially as they differ markedly in ligand affinity. 
NgR2 can bind MAG but not Nogo or OMGP. NgR3, on the other hand, completely 
lacks affinity to all of the known myelin inhibitors (MAG/OMgp/Nogo) but was 
recently shown to have affinity for chondroitin sulfate proteoglycans (CSPGs) 
(Dickendesher et al., 2012). Thus the current knowledge suggest that while both NgR2 
and NgR3 only bind to a specific subset of ligands, NgR1 can bind to all of the known 
myelin inhibitors (MAG/OMgp/Nogo) as well as to CSPGs (Dickendesher et al., 2012). 
Hence it is possible that downregulation of NgR1 and increased expression of NgR2 
and NgR3 will result in changes in how a neurite relates to its local environment 
through Nogo, MAG, OMgp and CSPGs. Enhanced NgR2 and NgR3 activity could 
serve to maintain or enhance sensitivity to MAG and CSPGs, while the downregulation 
of NgR1 could result in a decrease in the sensitivity to Nogo-A (and OMgp); as Nogo-
A is also expressed in neurons this could result in a decrease of neuron-neuron 
inhibition, while myelin-neuron inhibition would remain high, with the result being that 
local gray matter sprouting could increase without affecting growth of non-terminal 
axons. The marked and dentate-specific increase of LOTUS mRNA may serve to 
further block Nogo sensitivity of activated neurites in this region, thus permitting new 
memories to leave a trace in the hippocampal formation. 
 
In a recent publication it was shown that NgR2 and NgR3 could be downregulated 
following activation in dissociated hippocampal cell cultures using either (NMDA or 
KCl) (Wills et al., 2012). The reason for this difference in regulation is not presently 
known, but could be dependent on either the induction method (NMDA/KCl vs. Kainic 
acid) or be a due to a difference in response between neurons in cell culture and 
neurons in vivo.  
 
CREATION OF NGR1 OVEREXPRESSING MICE  
To investigate if downregulation of NgR1 is of importance in memory formation, we 
created a mouse with inducible overexpression of NgR1. In the MemoFlex mouse the 
expression of NgR1 is controlled by the CamKII promoter and utilizes the Tet-off 
system, hence NgR1 is overexpressed in forebrain neurons and can be turned off by 
adding doxycycline to the drinking water. Two different lines of MemoFlex mice, that 
both showed similar but somewhat different overexpression patterns (varying mainly in 
the intensity of overexpression), were used in subsequent studies. For L1 there was a 
substantial overexpression of NgR1 seen throughout the cerebral cortex and striatum, 
including nucleus accumbens. There was also strong transgene expression in 
hippocampus proper and the neighboring dentate gyrus, as well as in amygdala. Mice 
from L2 showed similar expression patterns to L1 mice with very strong 
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overexpression in striatum and the cerebral cortex. The transgene expression in the 
hippocampus, and dentate gyrus was however a lower than that seen in L1 mice, while 
amygdala levels were rather high (Fig 1).  
 
 

 
 

 
 
 
  

Figure 1. Expression of NgR1 transcripts in MemoFlex mice of Line 1 and 2 
Expression is shown at two different levels (striatum and hippocampal). The left column 
at each level shows total NgR1 levels, the middle column shows endogenous and the 
right column shows transgene-specific expression. 
 

Figure 2. Protein 
expression of NgR1 in 
MemoFlex and control 
mice 
MemoFlex mice of Line 1 
have a high over-
expression of NgR1 
protein. This over-
expression can be returned 
to basal levels after 
doxycycline treatment for 
9 days. 
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To verify that the increased mRNA expression also correlated with an increase in 
protein levels  we used western blots and could see a strong overexpression of NgR1 
protein in the same areas (Fig 2) as seen in the in situ analysis (hence levels of protein 
and mRNA were correlated). We also wanted to confirm that addition of doxycycline 
could turn off overexpression and thereby reduce NgR1 levels.  As can be seen in Fig 2, 
already after 3 days of doxycycline treatment the levels of NgR1 had dropped 
significantly and after 9 days of doxycycline expression, NgR1 expression was similar 
to that seen in control animals.  

 

MEMOFLEX MICE HAVE NORMAL LOCOMOTOR BEHAVIOR  
We next examined the locomotor behavior of MemoFlex mice using two different 
methods. We first analyzed the coordination and basal locomotor abilities of our mice 
using the accelerating Rotarod. The time that the mice managed to stay on the Rotarod 
was recorded and in this test, MemoFlex mice did not show a significant difference in 
time compared to control mice, suggesting that they do not have impairments in 
locomotion or in coordination (Fig 3 A). To further analyze their behavior we analyzed 
basal locomotor activity of MemoFlex and control mice using the AccuScan apparatus. 
MemoFlex mice performed similarly to control mice (Fig 3 B, C) in this test as well. 
Hence, overexpression of NgR1 does not appear to affect locomotor activity, 
coordination or explorative behavior. The fact that basal locomotor function is intact in 
MemoFlex mice is of profound importance as most memory tests performed on mice 
requires both locomotion and normal exploratory behavior.   

 

 

 
 
  

Figure 3. MemoFlex mice show normal locomotor behavior and co-ordination 
A, MemoFlex mice were tested in the Rotarod test and showed very similar behavior 
compared to controls.  
B and C, MemoFlex mice had very similar locomotor behavior compared to controls 
as recorded in activity boxes, suggesting that basic locomotor function and 
explorative behavior is normal in MemoFlex mice. 
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DAY TO DAY LEARNING IS INTACT IN MEMOFLEX MICE  
To test if NgR1 overexpression would affect memory formation we subjected 
MemoFlex mice to two different memory tests, the Morris water maze and passive 
avoidance.  The Morris water maze consists of a large circular tank, filled with water, 
with a submerged hidden platform in one of the four quadrants. Mice will learn to find 
the platform to escape from the water and the speed with which they find the platform 
can be used as a measure of their spatial memory skills.  
 
MemoFlex mice from both L1 and L2 performed very similar to controls (Fig 4) and 
improved their performance in the task in a similar manner as controls. As swim speed 
can have a profound effect on the performance of mice in the Morris water maze we  

 

 
  

Figure 4 MemoFlex exhibit normal learning in the Morris Water maze 
MemoFlex mice could learn the Morris water maze equally well as control mice 
and showed similar day to day gains. 

 
 
 
 
 
 
Figure 5. Normal probe trial 
performances by MemoFlex mice 
MemoFlex mice showed similar 
preference for the platform containing 
quadrant during the probe trial 
(platform removed).  
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compared the swim speed for the two groups and did not find any significant difference 
between controls and MemoFlex mice.  The Morris was intended as a test of 
hippocampal function but mice can solve the maze using a variety of different 
strategies. Instead of using a hippocampal based strategy (using the external cues) mice 
can use a strategy based on procedural memory (swimming at a certain distance from 
the wall). To control for this, we performed a probe trial at day 8 (platform removed) 
and analyzed how much time MemoFlex mice spent in the quadrant that used to 
contain the platform compared to controls (Fig 5). There was no significant difference 
in the performance between MemoFlex mice and controls, strongly suggesting that 
MemoFlex mice can learn the Morris water maze equally well as controls and that they 
learn it using a hippocampus dependent strategy.  
 
We also tested the mice using the passive 
avoidance test. In this test mice are put into the 
light compartment of a two compartment box 
(one light side, one dark side). During the first 
day the door between the two compartments was 
closed when the mouse was put into the box and 
during the first minute the mouse was allowed to 
explore the light compartment. After 1 minute 
the door opened and allowed access to the dark 
side, and when the mouse crossed over (to the 
dark side) the door closed and a light foot shock 
was administrated. The mouse was then 
reintroduced to the chamber at various later time-
points and their latency to enter the dark 
compartment was measured as a score of the 
strength of the fear memory. When MemoFlex 
mice and controls were retested again 24h after 
the training session there was no difference in 
the performance between control and MemoFlex 
mice (Fig 6). Supporting the notion that 
overexpression of NgR1 does not impair the 
formation of day to day memory. Hence we 
could show, using two different memory 
paradigms, that  MemoFlex mice are not only 
able to learn the memory tasks but that they can 
do so equally well as controls. In fact in almost 
all tests the performance of MemoFlex mice was 
remarkably similar to that of controls. We 
therefore conclude that overexpression of NgR1 
in forebrain neurons does not impair day to day 
memory. 
 
 
 
 
 

Figure 6. Normal 24 h passive 
avoidance memory in MemoFlex mice   
When MemoFlex mice of L1 and L2 
were tested in the Passive avoidance test 
24 h after training their performance was 
not significantly different from controls.  
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MEMOFLEX MICE HAVE NORMAL LTP INDUCTION  
We hypothesize that NgR1 should be involved in the synaptic plasticity that underlie 
long-term memory storage but that this would be on a longer time scale than those 
events that initiate and maintain LTP. To measure LTP, we recorded extracellular field 
EPSPs from CA1 in hippocampal slices from control as well as from L1 and L2 
MemoFlex mice following 0.033-Hz electrical stimulation. The experiment started with 
10 min of stable baseline recordings after which LTP was induced using either high 
frequency or theta-burst stimulation (Fig 7 A and B) that lasted at least 70 min. No 
significant difference was seen between MemoFlex and control mice suggesting that 
NgR1 down-regulation is not required for LTP induction.  
 
To verify that baseline synaptic processes were not affected, fEPSP from control and 
MemoFlex mice were analyzed and found to have similar time courses and shapes (Fig. 
7 A and B), and similar responses across a range of stimulus intensities (Fig. 7 F). 
Hence it appears that baseline synaptic properties were not altered by NgR1 
overexpression.  
 
It is possible that while MemoFlex mice could induce LTP it would not be stable for 
prolonged time periods. We therefore tested this by following slices for 2h and found 
stable LTP maintained during this entire period using a single theta burst stimulation, 
and there was no significant difference between control and L2 mice (Fig. 7 C) (P 
=0.54, two-way RM-ANOVA, genotype*time).  
 
Loss of NgR1 has been shown to prevent LTD induction in the hippocampus (Lee et 
al., 2008). As LTD is normally only observed in slices obtained from juvenile animals 
(Wagner and Alger, 1996) it is unlikely that it would underlie any long-term behavioral 
changes observed in our adult mice. However, reversal of LTP (de-potentiation) by low 
frequency stimulation (LFS) is well known to occur in adult animals (Staubli and 
Scafidi, 1999), and has also been shown to reverse changes in spine morphology 
induced by LTP (Yang et al., 2008). Therefore we investigated if there was a difference 
in de-potentiation between MemoFlex and control animals.  Two different paradigms 
(300 or 900 pulses) of LFS (1 Hz) were administrated 5 min after theta burst 
stimulation and both resulted in de-potentiation of the induced LTP. De-potentiation 
was dependent on the number of stimuli, 300 (Fig 7 D) vs. 900 pulses (Fig 7 E) but 
MemoFlex mice did not differ compared to control mice in any of the protocols (300 
pulse, P=0.55; 900 pulse, P=0.82; two-wayRM ANOVA, genotype*time).  
 
These data strongly suggest that MemoFlex mice do not have any significant intrinsic 
deficits in electrophysiological hippocampal plasticity. 
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Figure 7. Normal LTP in MemoFlex mice 
A and B, LTP induction using HFS or theta-burst stimulation was not changed in 
MemoFlex mice. 
C, LTP was comparable between MemoFlex and controls even at longer time-points 
D and E, De-potentiation using 300 or 900 pulses respectively did not reveal a 
difference between MemoFlex and control mice. 
F, Synaptic properties are not changed in MemoFlex mice as tested during a variety 
of stimulus intensities.  
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NGR1 OVEREXPRESSION IMPAIRS LASTING MEMORIES  
While day to day memory was intact in MemoFlex mice, we hypothesized that lasting 
memory would be affected by overexpression. We therefore tested the mice that had 
performed the Morris Water maze in Fig (4) nearly two months after their last training 
day. In this experiment the platform was at the same position as during the learning 
phase, hence good performance in this maze would require the mice to remember the 
position of the platform. Strikingly, MemoFlex mice were severely impaired in this test 
compared to the control mice and needed significantly longer time to find the platform 
(Fig 8 B). MemoFlex mice also spent significantly less time in the quadrant containing 
the platform, again indicating impaired memory of platform location (Fig 8 A).  
 
 
 
 

 
 

 
 
A second group of mice were tested in the Morris water maze with a probe trial at 39 
days and performed similarly to the first group of MemoFlex mice, significantly worse 
than controls (Fig 8 C). Hence while MemoFlex mice are not impaired in their 

Figure 8. Impaired lasting memories in MemoFlex mice in the Morris water maze 
A, percent time spent in platform-containing quadrant 60 days after learning was 
significantly impaired in MemoFlex mice. 
B, the escape latency was increased in MemoFlex mice, at day 60. 
C, in a second group of mice a probe trial was performed at day 39 and also in this test 
MemoFlex mice were significant impaired. 
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performance during the learning phase of the Morris water maze their performance is 
severely impaired after a prolonged waiting period between learning and retest.  
 
We also tested lasting memories in MemoFlex mice that had been trained in the passive 
avoidance test. As described previously, MemoFlex mice showed similar aversion to 
the dark compartment as controls, hence there contextual fear condition learning 
appeared to be normal. When the same animals were exposed to the passive avoidance 
apparatus after one month the control mice exhibited significantly stronger aversion to 
the dark compartment than MemoFlex mice (Fig 9 A). To verify that the difference 
between the groups were specific for NgR1 overexpression and not due to NgR1 
induced developmental disturbances we gave a group of mice doxycycline before (3 
weeks) and during the experiment, to remove NgR1 overexpression. Both L1 and L2 
MemoFlex mice were used in this experiment and both groups now performed similar 
to control mice indicating that NgR1 overexpression from birth does not result in any 
major learning disabilities as performance is normalized when overexpression is turned 
off in adulthood (Fig 9 B). In a second experiment we wanted to further analyze the 
time window during which NgR1 overexpression impairs formation of lasting 
memories. To test this, two groups of mice were given doxycycline starting either 
directly or 7 days after the training day. The passive avoidance boxes used in this 
experiment were slightly different than those used in the first experiment; instead of  

  

Figure 9. Impaired lasting memories in the Passive avoidance test can be rescued 
with doxycycline 
A, MemoFlex mice were significantly impaired when tested 1 month after the training 
session.  
B, this impairment could be rescued by adding doxycycline to the drinking water 3 
weeks before the start of the experiment. 
C, the effect could also be reversed by adding doxycycline immediately after the 
training session but not when it was added after 7 days. 
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measuring the latency to enter the dark compartment the time spent in the dark 
compartment was measured. Interestingly, while the group that received doxycycline 
directly after the training normalized their performance and were not significantly 
different from controls when tested 1 month after training, MemoFlex mice that 
received doxycycline starting 7 days after the training phase were still significantly 
impaired in this test (Fig 9 C).  
 
While NgR1 overexpression does not impair memory formation during day to day 
learning, the effects on lasting memory are significant and results in a severe 
impairment. Furthermore, this impairment in memory function can be reversed if 
doxycycline is given before or at the start of the experiment, indicating that NgR1 
overexpression does not result in any major developmental disturbances. However, if 
doxycycline is given 7 days after the learning event, memory impairments will still be 
evident suggesting that high NgR1 levels during the first few days following the 
training paradigm can impair memory formation and that this cannot be rescued by 
reducing protein levels later on. As discussed earlier, if doxycycline is administrated in 
the drinking water the overexpression of NgR1 is reduced after 3-9 days and therefore 
suggesting that NgR1 downregulation is most important rather early after memory 
induction. Retrograd amnesia after concussion typically spans the last week before the 
concussion, roughly compatible with the time during which NgR1 down-regulation is 
needed for lasting memories to become consolidated. 
 
NGR1 AND PLAQUE DEVELOPMENT 
It has been shown that NgR1 (Park et al., 2006a; Park et al., 2006b) as well as NgR2 
and NgR3 (Zhou et al., 2011) can bind to amyloid precursor protein (APP). However, 
there are conflicting reports concerning the exact effect of Nogo-receptor interaction 
with APP. According to the two studies by Park et al (Park et al., 2006a; Park et al., 
2006b) NgR1 knock-out mice show an increase in plaque load when crossed with an 
animal model of Alzheimer’s disease (APPswe/PSEN1). Furthermore, when 
APPswe/PSEN1 mice received soluble NgR1 subcutaneously the plaque load 
decreased and the impaired performance of APPswe/PSEN1 mice in a radial arm water 
maze was also attenuated, in fact after the mice started to receive soluble NgR1 their 
performance improved and moved towards that seen in control mice. A recent study 
has also shown that NgR1 can bind to APP, but it does so with less affinity than NgR2 
and NgR3 and contrary to the studies by Park and colleagues., Zhou and colleagues  
(Zhou et al., 2011) found that overexpression of Nogo receptors resulted in an increase 
in Aβ-production not an decrease. Hence while it appears clear that the Nogo-receptors 
have affinity for APP, their exact function remains somewhat elusive. To investigate 
this further we crossed our MemoFlex mice (L1) with the same Alzheimer’s mouse 
model (APPswe/PSEN1) as used in the previous studies.  
 
 
 
MEMOFLEX/APPSWE/PSEN1 MICE SHOW OVEREXPRESSION OF NGR1  
We first wanted to confirm that crossing these two mouse lines would in fact lead to 
increased expression of NgR1 and that the expression would be strong in the regions 
that are associated with plaque formation. As expected, crossing MemoFlex mice with 
APPswe/PSEN1 mice resulted in a strong overexpression of NgR1 in the same regions 
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as seen in the MemoFlex mouse and these regions are also highly affected by plaque 
deposition both in humans and in APPswe/PSEN1 mice (Borchelt et al., 1997; Hardy 
and Selkoe, 2002; Selkoe, 2005). The MemoFlex/APPswe/PSEN1 mouse showed 
much stronger expression of NgR1 in cortex (Fig 10 A) compared to that seen in the 
APPswe/PSEN1 mouse (Fig 10 B). The expression was strong and uniform throughout 
cortex and could be seen in all different cortical layers. NgR1 was also strongly 
overexpressed in hippocampus and the dentate gyrus (Fig 10 C) and even tough 
APPswe/PSEN also show robust labeling in hippocampus and the dentate gyrus (Fig 10 
D), it was clearly lower than that seen in MemoFlex/APPswe/PSEN1 mice.  
 
 

 
 
 

NGR1 OVEREXPRESSION DOES NOT DECREASE PLAQUE 
To analyze if NgR1 overexpression influenced the plaque load we stained tissue for Aβ 
and analyzed the area covered by plaques as well as the number of individual plaques. 
This was done in two different areas, the cerebral cortex and hippocampus, both 
regions that show high levels of Aβ in human Alzheimer patients (Hardy and Selkoe, 
2002; Selkoe, 2005). We analyzed mice at an average age of 72 weeks and could not 
find any significant difference in plaque load (Fig 11 A) or in the number of plaques in 
the cerebral cortex (Fig 1 B). The same analysis was performed in the hippocampus and 
similarly to the cerebral cortex we could not find any significant difference in plaque 
load (Fig 11 C) or the number of plaques (Fig 11 D).   We also analyzed if the rate of 
plaque development was different between the two different groups; to do this we 
added animals with a wider spread in age to the group analyzed previously and plotted 
plaque load compared to age for MemoFlex/APPswe/PSEN1 and APPswe/PSEN1 
mice for the cerebral cortex (Fig 11 E) and hippocampus (Fig 11 F). Both groups were 

Figure 10. Strong overexpression of 
NgR1 in MemoFlex/APPswe/PSEN1 
mice 
A, expression of NeuN and NgR1 in the 
cortex of MemoFlex/APPswe/PSEN1 
mice. 
B, the expression of NeuN was similar in 
APPswe/PSEN1 mice while NgR1 levels 
are substantially lower. 
C, expression of NeuN and NgR1 in the 
dentate gyrus of 
MemoFlex/APPswe/PSEN1 mice. 
D, again the expression of NeuN was 
very similar in APPswe/PSEN1 mice but 
the levels of NgR1 were much lower. 
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still very similar and hence we can conclude that neuronal overexpression of NgR1 
does not decrease the formation or deposition of plaques in the APPswe/PSEN1 mice.  
 
The fact that very little difference was seen in any measure of the plaques supports the 
conclusion from Zhou and colleagues that NgR1 does not appear to be a strong effector 
of Aβ processing. This however does not rule out the possibility that soluble NgR1 
could work as a peripheral sink when administrated I.P.  

 

 

Figure 11. No change in plaque levels in MemoFlex/APPswe/PSEN1 mice 
A and B, the area covered by plaques and the numbers of plaques were not significantly 
different in MemoFlex/APPswe/PSEN1 mice 
C and D, Similarly to the situation in cerebral cortex, no significant difference could be seen 
in the hippocampus 
E and F, time-course of plaque development is very similar in MemoFlex/APPswe/PSEN1 
and APPswe/PSEN1 mice. 
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MEMOFLEX/APPSWE/PSEN1 MICE ARE IMPAREID IN MORRIS WATER 
MAZE  
We next investigated if NgR1 overexpression would influence the performance of mice 
in the Morris water maze. While NgR1 overexpression does not appear to influence 
plaque load in APPswe/PSEN1, 29 week old MemoFlex/APPswe/PSEN1 mice were 
significantly impaired (Fig 12 A, Genotype p = 0.004, Day p < 0.001, and Genotype 
*Day = 0.252) compared to APPswe/PSEN1 mice in the learning phase of the Morris 
water maze (Fig 12 A). After the 7 day learning paradigm we also performed a probe 
trial at day 8 (Fig 12 B) and even though there were no significant difference between 
the groups, the performance of the MemoFlex/APPswe/PSEN1 mice tended to be 
worse (p = 0.096) suggesting that their knowledge of the platform location could be 
impaired.  
 
We also retested these mice at an age of 50 weeks to see if the difference would 
increase with time. As MemoFlex mice have impaired long lasting memory we moved 
the platform to a new location to minimize any beneficial effects of remembering the 
old platform location. At an age of 50 week we could see the same trend as previously, 
MemoFlex/APPswe/PSEN1 had impaired performance in the maze compared to 
controls (Fig 12  C, Genotype p = 0.004, Day p = 0.001, Genotype*Day = 0.116). At 
the probe trial performed on day 8 there was no significant difference between the two 
groups (Fig 12 D, p=0.17) 
 
We next wanted to analyze if the mice were affected differently during the 20 week that 
separated the 29 and 50 week test. We therefore combined the data from week 29 and 
week 50 in a single analysis. There was a significant effect of week (p=0.019) showing 
that the animals performed better at week 50 compared to week 29, possibly due to the 
fact that they were already familiar with the maze. There was also a strong effect of 
genotype (p = 0.001) but there was no significant interaction with genotype 
(genotype*week p=0.265), hence both groups changed in a similar manner with time. 
We performed the same analysis with regard to the probe trials and in the combined 
analysis we could see a significant effect of genotype (p=0.02) but there was no effect 
of week (p=0.865) and hence performance was very similar on week 29 as it was on 
week 50 and similarly to what was seen for the learning curve there was no interaction 
between genotype and week (p=0.867).  
 
To confirm that the worse performance of MemoFlex/APPswe/PSEN1 mice was due to 
cognitive deficits and not due to motor problems, we also analyzed swim speed and 
thigmotaxic behavior. There was no significant difference in the swim speed (Fig 12 E) 
between MemoFlex/APPswe/PSEN1 and APPswe/PSEN1 mice at week 29 (p=0.22) or 
at week 50 (p=0.46). Both MemoFlex/APPswe/PSEN1 and APPswe/PSEN1 mice 
showed very similar thigmotaxic behavior (Fig 12 F) at week 29 (p=0.81) and at week 
50 (p=0.35). Therefore it is unlikely that a difference in search strategy would explain 
the difference that we found between the two groups. Instead it appears that 
overexpression of NgR1 in APPswe/PSEN1 impairs the spatial cognitive abilities 
without affecting plaque load or numbers. One possible reason could be that higher 
than normal expression of NgR1 could result in impairments in compensatory synaptic 
plasticity (Hashimoto and Masliah, 2003) that is suggested to compensate for the 
damaged caused by the disease. It has in fact been shown that knocking out Nogo-A 
can improve performance of APPswe/PSEN1 mice without affecting plaque load 
presumably trough increasing the ability for compensatory plastic changes (Masliah et 
al., 2010). Also, while MemoFlex/APPswe/PSEN1 mice did not have significantly 
higher plaque load in any of the tests, their levels were always higher than that of 



 

38 

controls in all analysis and it is cannot be ruled out that the difference, while not 
significant, still could have an impact on behavior.  
 
 

 
 

 
 

Figure 12. Impaired performance in the Morris water maze for 
MemoFlex/APPswe/PSEN1 mice 
A, MemoFlex/APPswe/PSEN1 mice showed significantly worse learning than controls in the 
Morris water maze at 29 weeks of age. 
B, they also had a tendency of impaired performance in the probe trial. 
C, the performance was also impaired at 50 weeks of age. 
D, they also showed worse performance in the probe trial but it did not reach significance. 
E and F, thigmotaxis and swim speed was not impaired due to overexpression. 
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NORMAL RADIAL ARM WATER MAZE IN MEMOFLEX/APPSWE/PSEN1 
MICE  
A second group of animals performed the radial arm water maze (RAWM) instead of 
the Morris water maze at three different time-points (16, 24 and 28 weeks of age). The 
RAWM differ from Morris water maze in that instead of a big open platform the 
RAWM consists of a small open center area with 6 arms protruding from it. In one of 
the 6 arms there will be a hidden platform and the other 5 arms will serve as starting 
arms. There was no significant difference between the two groups of animals in any of 
the 3 different time points tested (Fig 13 A-C), 16 weeks (Fig 13 A, genotype p = 
0.102, day p < 0.001 genotype*day p = 0.977), 24 weeks (Fig 13 B, genotype p = 0.963 
day p < 0.001, genotype*day p = 0.307) and 28 weeks (Fig 13 C, genotype p = 0.248, 
day p < 0.001 and genotype*day p = 0.307).  
 
 

 
 

 

Figure 13. Normal performance in the Radial arm water maze for 
MemoFlex/APPswe/PSEN1 mice 
A, B, C. The performance for MemoFlex/APPswe/PSEN1 mice was very similar to 
that of APPswe/PSEN1 mice during all three different time points. Even though both 
groups performed worse with time, they did so at a similar rate. 
D, a second group of mice were also tested in the radial arm water maze was also in 
this test the performance of MemoFlex/APPswe/PSEN1 mice was indistinguishable 
from that of APPswe/PSEN1 mice. 
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Even though there was no significant difference between the two groups of mice their 
performance significantly worsened with time (week p < 0.001 and week*day p < 
0.001) when all of the time-points were analyzed together. However, both groups of 
animals had similar change with time and there was no genotype*week effect (p = 
0.674) 
 
We also tested a second group of mice (those that later performed the Morris water 
maze) and similarly to the first group there was no significant difference in their 
performance (Fig 13 D) compared to controls (genotype p = 0.875, day p < 0.001, 
genotype*day p = 0.214). The reason for the significant difference seen in the Morris 
water maze could either be that it poses somewhat different demands on the mice than 
the RAWM and/or that the mice that performed the Morris water maze where older and 
it is possible that behavioral differences would occur with time also in the RAWM.  
 
MEMOFLEX MICE SHOW INCREASED SENSITIZATION  
As we have previously shown that NgR1 overexpression impairs the formation of 
lasting memories of both spatial and fear based types, we wanted to investigate if the 
role of NgR1 could be even more general. A second type of long term adaptation that 
can occur in the brain is that caused by drugs of abuse. Once a person becomes 
addicted to a drug of abuse, the addiction will generally be lifelong. Hence, whatever 
changes that occur must be very stably stored in the brain and also be rather substantial. 
One of the most well studied paradigms of the effects of drugs is a process called 
sensitization. When animals are repeatedly injected with psycostimulants such as 
amphetamine, their response will increase with time (Segal and Mandell, 1974), even 
when the dose is held constant. Thus their response becomes sensitized and these 
effects can be very stabile, lasting over a year in rodents and for several years in 
monkeys (Castner and Williams, 2007). We therefore wanted to investigate if 
overexpression of NgR1 would affect the long lasting stability of sensitization.  
 
We began by subjecting MemoFlex mice and controls to a 9 day sensitization 
paradigm. In our setup mice first received saline injections for 2 days to establish a 
baseline and after the initial two days they received amphetamine injections for 7 
consecutive days Fig 14 (A). The performance of MemoFlex (L1) and control animals 
were similarly during the first 2 days of saline injections. However, during the 7 days of 
amphetamine administration a significant difference in the development of the 
sensitization response could be seen. MemoFlex mice became significantly more 
sensitized compared to controls (Genotype p= 0.5, Day < 0.001 and 
Genotype*Day=0.017). While control mice level off after 3-4 days of sensitization, 
MemoFlex mice continue to increase their locomotor activity throughout the 
experiment. To further analyze the difference in sensitization behavior we also 
analyzed the amount of time the mice spent moving (Fig 14 D) and this correlated very 
well with the distance moved. Hence the difference was due to an increase in moving 
time and not a difference in movement speed. One factor that can greatly influence the 
amount of locomotion animals exhibit is amount of stereotypies (repetitive motions). 
This was analyzed and both groups exhibited similar levels of stereotypies and it is 
therefore unlikely that the level of stereotypy would significantly affect the difference 
that was seen between the groups in the development of sensitization. 
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We next wanted to see if the difference in sensitization could be rescued by adding 
doxycycline to the drinking water (starting three weeks before the start of the 
experiment). When doxycycline was added and hence NgR1 levels normalized, then so 
did the sensitization behavior (Fig 14 B) and the behavior of MemoFlex mice was not 
significantly different from that of controls. As seen in the previous groups, locomotor 
behavior correlated very well with movement time (Fig 14 E), suggesting that 
movement speed was very similar between the different groups. There was no 
significant difference in the amount of stereotypies either (Fig 14 H). 
 
As an increase in the amount of NgR1 expression resulted in an increase in 
sensitization, we wanted to see if lower levels of NgR1 would result in a decrease in 
sensitization. We therefore subjected a group of NgR1 knockout mice (NgR1-/-) to the 
same sensitization paradigm with heterozygote NgR1 mice (NgR1+/-) as controls. 
There was no significant difference between NgR1-/- and NgR+/- mice during the 
sensitization paradigm. Instead, they performed very similar with regard to both 
distance (Fig 14 C) and movement time (Fig 14 F). There was no significant difference 
in the amount of stereotypy between the groups and even if the levels were somewhat 
higher in the NgR1-/- group, it is unlikely that this would mask a significant difference 
in locomotor behavior. It is thus reasonable to assume that loss of NgR1 have small if 
any effects on the development of a sensitization behavior.  
 
It thus appears that overexpression of NgR1 results in a large increase in sensitization 
because MemoFlex mice are unable to counteract sensitization and such that the 
amphetamine responses level off after 3-4 days as is normally the case. This difference 
is due to the expression of NgR1 protein during the sensitization paradigm and not due 
to developmental disturbances as doxycycline treatment during the sensitization 
paradigm normalizes the behavior of MemoFlex mice. Finally, the fact that  complete 
loss of NgR1 does not affect the development of a sensitization, suggests that  
activation induced by amphetamine is strong enough to cause a maximal plastic 
response even in the presence of normal NgR genes, and that thus loss of NgR1 does 
not give any additional plastic benefits in this case.  
 
  



 

42 

  
 
 
 
 

 
 
  

Figure 14. MemoFlex mice have increased sensitization compared to controls that 
can be normalized with doxycycline 
A, D, G MemoFlex and control mice received saline for the first 2 days followed by 
amphetamine (2mg/kg) for 7 days and locomotion (A), moving time (B) and 
stereotypy times (C) were measured. MemoFlex mice showed increased sensitization 
but comparable stereotypy. 
B, E, H when doxycycline was added to the drinking water the performance of 
MemoFlex mice normalized 
C, F, I the sensitization of NgR1-/- mice was not altered compared to NgR1+/- mice. 
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LONG TERM SENSITIZATION IS REDUCED IN MEMOFLEX MICE  
As the important effects of NgR1 overexpression has been seen on lasting memory, we 
wanted to see if the effect of the locomotor sensitization would decrease with time in 
MemoFlex mice while remaining stable in control mice. We therefore re-exposed the 
mice to amphetamine 1 and 3 months after the last day of sensitization. MemoFlex 
mice showed a significant decrease (p=0.041) in their locomotor behavior with time 
(Fig 15 A) while control mice had a tendency increased locomotor response with time 
(p=0.52 last day to 3 months later).  
 
The mice that performed the sensitization experiment on doxycycline were kept on 
doxycycline and re-tested 1 and 3 months after the end of the sensitization paradigm. 
For both groups there was no significant effect of time. After one month the 
performance was very similar for both groups and after 3 months a small but non-
significant drop was found in the MemoFlex mice and the tendency for an increase that 
was seen in the controls without doxycycline (Fig 15 B) could not be seen. It therefore 
appears that giving mice doxycycline largely stabilizes the long term sensitization but 
that some residual impairment might still be found. It is also possible that the long 
treatment time with doxycycline (around 4 months in total) could have an effect in 
itself.  
 
NgR1+/- and NgR1-/- mice showed very similar long term response to amphetamine 
exposure but the changes seen were larger in NgR1-/- compared to NgR1+/- mice (Fig 
15 C). NgR1-/- mice exhibited a significant increase in their sensitization response 
when re-exposed to amphetamine 1 month after their last injection, but when retested 3 
months after the learning phase their sensitization level was back to that seen 
immediately after the end of the sensitization paradigm. NgR1+/- mice had a stable 
response to the sensitization paradigm and did not show any significant change with 
time.  
 
We conclude that NgR1 overexpression impairs lasting memory function in a wide 
array of different settings and that removing NgR1 overexpression in adulthood largely 
normalizes the mice with respect to memory function. In contrast, while NgR1-/- mice 
have been shown have increased plasticity,  for instance a monocular deprivation task 
(McGee et al., 2005) it is possible that NgR1 levels are normally held and regulated in a 
way that does not require additional downregulation to function satisfactorily. It is 
however interesting that NgR1-/- mice showed an increase in sensitization after 1 
month that later reverted at 3 months. It is possible that NgR1-/- mice indeed are more 
plastic in this setting and that the high plasticity could also enhance extinction or 
relearning.  
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NGR1 OVEREXPRESSION AFFECTS SPINE DYNAMICS  
The development of a sensitization behavior is closely linked to changes in spine 
structure and density (Luscher and Malenka, 2011; Robinson and Kolb, 2004; Russo et 
al., 2010). We therefore wanted to evaluate if NgR1 overexpression would affect spine 
density following amphetamine treatment.  
 
To investigate how NgR1 overxpression would affect spine density following 
amphetamine exposure, we subjected mice to 7 daily injections of amphetamine (same 
amount of amphetamine as during the sensitization experiment). We first analyzed the 
spine density at the distal part of the apical dendrite of pyramidal neurons in the 
cingulated gyrus. Control mice showed a tendency of an increase in spine density of 

Figure 15. Impaired long term 
sensitization in MemoFlex mice 
A, MemoFlex mice showed a 
decrease in their sensitization from 
the last day of sensitization until 
they were retested 3 months later. 
B, MemoFlex mice with 
doxycycline did not show any 
significant change in sensitization 
over time but the inter-animal 
variance was also high. 
C, NgR1-/- mice had a significant 
increase in sensitization 1 month 
after the sensitization paradigm but 
this disappeared before the 3 month 
time point.  
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around 10% (p=0.079) while MemoFlex mice instead showed a significant decrease in 
spine density (p=0.003) following amphetamine treatment (Fig 16 A). To further 
analyze how NgR1 affected spine morphology, we also analyzed the number of thin 
(Fig 16 B) and mushroom spines (Fig 16 C). Amphetamine resulted in a significant 
decrease in thin spines for MemoFlex mice (p=0.006) on amphetamine compared to 
saline treated MemoFlex mice.  For mushroom spines there was no significant effect of 
either treatment or genotype (Fig 16 C). 

 
 

 
We also analyzed the spine density on medium spiny neurons in the shell of nucleus 
accumbens and could not see any effect on spine density after amphetamine in control 
or MemoFlex mice (Fig 16 D). However, when we analyzed thin (Fig 16 E) and 
mushrooms spines (Fig 16 F) individually, we could see that control mice had a 
decreased number of mushroom shaped spines following amphetamine treatment 
(p=0.04). The mean amount of thin spines did increase following amphetamine 
treatment of control mice, but this was not significant, most likely the reason why there 

Figure 16. Overexpression of NgR1 affects spine dynamics following amphetamine 
sensitization 
A, B, C control mice showed a tendency to an increase in spine density in the cingulated 
gyrus while MemoFlex mice instead had significantly decreased spine density (A).  
When analyzed per subtype it was shown that this was mostly due to a decrease in thin 
spines (B) while mushroom spines were more stable. 
D, E, F in nucleus accumbens the spine densities were very stable after amphetamine 
injections (D). Looking at spine subtypes we could see a significant decrease in densities 
of Mushroom spines in control mice while MemoFlex mice had very stable spine 
densities.  
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was no effect on overall spine density. In nucleus accumbens spine density and subtype 
distribution was minimally affected by amphetamine for MemoFlex mice; possibly due 
to the fact that NgR1 overexpression locked those synapses in place or that NgR1 
function in nucleus accumbens is of less importance. When looking at the synapse 
distribution after saline injections (that should reflect the normal spine levels in these 
animals) the cortical patterns were very similar between MemoFlex and controls, while 
there is a tendency of more thin and less mushroom spines in striatum.  
 
The difference regarding the effects on NgR1 on the spine changes in cerebral cortex 
are highly interesting. It is well established that exposing animals to repeated injections 
of amphetamine results in changes in spine morphology and density (Luscher and 
Malenka, 2011; Robinson and Kolb, 2004; Russo et al., 2010).  However, synaptic 
plasticity does not only involve the formation of new synapses, elimination of synapses 
is also of profound importance and while increased spine density is often seen in the 
early phases after an event that enhances synaptic plasticity, spine number can decline 
back towards baseline levels without the loss of the memory. Hence, it is possible that 
during a learning event far more new spines will sprout than what is necessary for 
forming the engram and through a selection process only those that form functional 
connections will be saved and the others will be removed. Hence, instead of seeing 
memory encoding as an increase in spine formation, it could be seen as a period of 
increased turnover of spines. In such a setting, increased levels of NgR1 could decrease 
the ability to form new spines but keep the elimination side of the equation equal or 
even increased and thereby resulting in spine loss.  
 
When it comes to the spine changes seen in nucleus accumbens, the effects seen in our 
control mice might at first appear paradoxical. The establishment of new memories is 
generally believed to be in part due to the enhancement of connections between 
neurons and due to strengthening (growing) of spines so that thin spines should be 
converted to thicker more influential spines. With this in mind, it is surprising that we 
see a reduction in the density of mushroom spines in control mice. However, 
development of sensitization is not a one-way street and it is likely that there are 
changes occurring that both enhance and inhibit the establishment of a sensitization 
behavior. In fact it has been shown in several studies that sensitization is followed by a 
period of LTD induction in synapses from the prefrontal cortex in the nucleus 
accumbens (Brebner et al., 2005; Goto and Grace, 2005; Thomas et al., 2001) and 
perhaps this could explain why our control mice level off after a few days of 
sensitization while MemoFlex mice continue to sensitize for the entire sensitization 
period.  
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CONCLUDING REMARKS 
The aim of this thesis has been to further characterize the potential role of the Nogo-
system as a regulator of plasticity with a focus on memory systems. We have shown 
that all three Nogo-receptors are regulated by activity in areas of importance for 
memory function (hippocampus). When NgR1 is overexpressed (thereby removing the 
ability to downregulate NgR1), mice have normal day to day memories in both Morris 
Water maze and in passive avoidance tests. Strikingly, when overexpressing mice were 
compared to controls after a long waiting period (> 1 month) their performance was 
significantly impaired. Thus, while inability to downregulate NgR1 in forebrain 
neurons does not impair 24 h memory, such memories do not lead to normal lasting 
memories, suggesting a key role for NgR1 in the consolidation of recently acquired 
memories. This effect appears to be caused by NgR1 overexpression just around the 
learning event, as silencing of the transgenic NgR1 overexpression (using doxycycline) 
just after the learning event could rescue their behavior, while later silencing (after 7 
days) did not. 
 
NgR1 mice exhibit an enhanced sensitization response to amphetamine, compared to 
controls. When overexpression was removed their performance became similar to that 
seen in controls, indicating that NgR1 overexpression can also influence this response. 
However, sensitization was not affected in NgR1-/- mice. When sensitization was 
retested at later intervals NgR1 overexpressing mice showed a reduction of 
sensitization, supporting the notion that Ngr1 overexpression impairs lasting memory. 
Overall, NgR1-/- mice were very similar to controls, suggesting that removal of NgR1 
has limited effects on sensitization behavior. We also analyzed spine structure on 
pyramidal neurons in the cingulate gyrus and on medium spiny neurons (MSN) in the 
shell of nucleus accumbens. In cortex, there was a significant reduction of spine density 
in MemoFlex mice while control mice exhibited a tendency of increased spine density. 
A possible explanation for the reduction in spine density could be that NgR1 
overexpression increases the likely-hood of spine collapse so that in times of a needed 
increase of plasticity (such as during the sensitization phase), the ratio of formation and 
elimination could be altered, leading to a net spine loss. In striatum, spine levels in 
medium spiny neurons where remarkably similar for NgR1 overexpressing mice, while 
control mice showed significant alterations. This suggests that NgR1 overexpression 
reduces synaptic plasticity in medium spiny neurons.  
 
We also investigated if NgR1 overexpression would have an effect on plaque formation 
and found that even though plaque levels were similar to controls, the overexpression 
of NgR1 caused these mice to perform worse in the Morris water maze. A possible 
reason for this deficit could be that NgR1 overexpression reduces the amount of 
compensatory plasticity that can otherwise occur in response to the increasing plaque 
load, and thus aggravate symptoms.  
 



 

48 

ACKNOWLEDGEMENTS 
 
When I began with research I could never have guessed how much you have to rely on 
other people. The help and assistance that I have received, ranging from learning 
methods to interpreting data, has been invaluable. In particular I want to thank: 
 
My main supervisor Anna Josephson for your enthusiasm, knowledge, motivation and 
for always pushing me to go further. Thank you for accepting me as a student and 
giving me the opportunity both to grow as a scientist but also allowing me to grow in 
other fields (for instance teaching). Nothing appears impossible when you are around.   
 
To my co-supervisor Lars Olson for his your strong dedication to science that has 
created a wonderful lab to work in. I have really enjoyed our many discussions about 
science and you have given me a much broader view of science. Your experience and 
knowledge has been a great source of inspiration.  
 
My second co-supervisor Stefan Brené for your enthusiasm, ideas and for teaching me 
about MRI. Also for your strong enthusiasm when it comes to new projects.  
 
My mentor, Joel Schick for being a great friend and teaching me so much about science 
and scientific thinking.  
 
Jonas Frisén for accepting me as a master student in his lab and thereby taking my first 
stumbling steps as a scientist.  
 
Karin Pernold for teaching me about animal work and for keeping the lab cool. Karin 
Lundströmer for your calmness and efficiency. Eva Lindqvist for your energy and 
organizational skills, and also for preventing my students from blowing up and other 
possible laboratory mishaps. The three of you have really made this lab what it is today. 
 
Ida Engqvist, thank you for all your computer help, expertise and great humor. 
 
To everyone in the animal staff, especially Niklas Lilja, Emeli Hård, Linda Thors, Tua 
Finman and Maria Molander for taking so good care of all the animals. 
 
To all the past and present members of the Olson lab for making it such a fun and warm 
(except during winter time) place to work in. Thank you Alexandra for helping me 
getting started in the lab and including me in your projects, I have learned so much 
from you. Anna Mattsson for all the time you spent in the basement getting results. Elin 
Åberg for all discussions and Golgi-based counting. Mimi for your good spirits and 
great attitude especially during our olfactory experiment. Jaime for a lot of interesting 
discussions and collaborations. Jacob for being relatively quiet, Allissa for being less 
quite, you two really complement each other. Sandra, Anna A, Caroline and Sophia for 
making the neuro workshop the highest ranked event during the neuro courses. Dagmar 
for your patience and help in teaching me histology, for all your good questions and for 
making the neuro workshops so much better and more enjoyable. Mat for very good 



 

  49 

advice and most of all for making “Eppendorf and the pipettes” a big success and 
musical export. Simone for your energy, enthusiasm, good (and many) questions and 
for all your help. Matthias for your introduction to the state of the lab. Lisette for 
activating the lab trough all of our excursions. Andréa for positive attitude. Adam for 
many interesting discussions. Linus for your warmth and carrying personality. Fredrik 
and Seungmin for becoming a part of our group.  
 
I have also had the privilege to have worked with three highly motivated students 
whom I would like to thank for their enthusiasm and hard work, Max Nordgen, Sofie 
Eliasson and Josefin Koczy. 
 
Thanks to everyone at the department of neuroscience and especially: Arash Hellysaz 
for teaching me about the Neurolucida system and to Christian Broberger for allowing 
us to use it, Mia Lindskog for help and work with biochemistry, and Stefan Plantman 
for including me in the SA courses. Sven-Ove Ögren for his expertise and help with our 
behavioral work. 
 
This thesis was carried out at the department of Neuroscience and I would like to thank 
the past and present chair persons of the department of Neuroscience, Staffan Cullheim 
and Sandra Ceccatelli for accepting me as a PhD student and for having made the 
department such a nice place to work in.  
 
I also really want to thank the Karolinska Institute that has been my home for the last 
10 years (not all of it was my PhD work). 
 
Barry Hoffer for his strong support of the lab and his excellent performance in the 
Luciatåg.  
 
I would also like to thank our collaborators, Therese Pham, Cristina Bäckman, 
Alexander Hoffman, Michael Sherling, Carl Lupica, Christian Spenger for their 
excellent work and dedication.  
 
Cam for all our discussions about science and its organization. 
 
Megan Spencer-Smith for being such a nice person and taking the time to read through 
my thesis. 
 
Hanna for making science fabulous.  
 
To my friends outside of KI, thank you all for being so wonderful and making my life 
so much richer! The last few months have been very hectic and it means a lot to have 
friends who are so supportive and understating. Soon the wine tasting will be back to its 
normal schedule.  
 
To my parents for being the best support and foundation I could ever have hoped for.  
 



 

50 

To my brother for always being there for me. To Jennifer for being a fantastic addition 
to the family and to you both for soon making me an uncle. To Lilo for being so calm 
and quiet. 
 
To Rampage for getting me up and keeping me alert in the mornings. To Elin for giving 
me perspectives and being more fantastic than I thought was possible.  
 
 
This work was supported by grants from the following agencies and institutions:  
The Swedish Research Council, The Swedish Brain Foundation, Torsten and Ragnar 
Söderberg’s Foundations, Swedish Brain Power, NIH Cutting-Edge Basic Research 
Awards (CEBRA), Scandia Jubileumsfond, The Karolinska Institute 



 

  51 

REFERENCES 
 
Acevedo, L., Yu, J., Erdjument-Bromage, H., Miao, R.Q., Kim, J.E., Fulton, D., 
Tempst, P., Strittmatter, S.M., and Sessa, W.C. (2004). A new role for Nogo as a 
regulator of vascular remodeling. Nat Med 10, 382-388. 
Aguayo, A.J., Dickson, R., Trecarten, J., Attiwell, M., Bray, G.M., and Richardson, P. 
(1978). Ensheathment and myelination of regenerating PNS fibres by transplanted optic 
nerve glia. Neurosci Lett 9, 97-104. 
Akbik, F., Cafferty, W.B., and Strittmatter, S.M. (2012). Myelin associated inhibitors: a 
link between injury-induced and experience-dependent plasticity. Exp Neurol 235, 43-
52. 
Andersson, H., Luthman, J., Lindqvist, E., and Olson, L. (1995). Time-course of 
trimethyltin effects on the monoaminergic systems of the rat brain. Neurotoxicology 
16, 201-210. 
Atwal, J.K., Pinkston-Gosse, J., Syken, J., Stawicki, S., Wu, Y., Shatz, C., and Tessier-
Lavigne, M. (2008). PirB is a functional receptor for myelin inhibitors of axonal 
regeneration. Science 322, 967-970. 
Baddeley, A. (2003). Working memory: looking back and looking forward. Nat Rev 
Neurosci 4, 829-839. 
Badiani, A., Browman, K.E., and Robinson, T.E. (1995). Influence of novel versus 
home environments on sensitization to the psychomotor stimulant effects of cocaine 
and amphetamine. Brain Res 674, 291-298. 
Barrette, B., Vallieres, N., Dube, M., and Lacroix, S. (2007). Expression profile of 
receptors for myelin-associated inhibitors of axonal regeneration in the intact and 
injured mouse central nervous system. Mol Cell Neurosci 34, 519-538. 
Barton, W.A., Liu, B.P., Tzvetkova, D., Jeffrey, P.D., Fournier, A.E., Sah, D., Cate, R., 
Strittmatter, S.M., and Nikolov, D.B. (2003). Structure and axon outgrowth inhibitor 
binding of the Nogo-66 receptor and related proteins. EMBO J 22, 3291-3302. 
Bayley, P.J., Frascino, J.C., and Squire, L.R. (2005). Robust habit learning in the 
absence of awareness and independent of the medial temporal lobe. Nature 436, 550-
553. 
Bayley, P.J., Hopkins, R.O., and Squire, L.R. (2006). The fate of old memories after 
medial temporal lobe damage. J Neurosci 26, 13311-13317. 
Benfey, M., and Aguayo, A.J. (1982). Extensive elongation of axons from rat brain into 
peripheral nerve grafts. Nature 296, 150-152. 
Bhatt, D.H., Zhang, S., and Gan, W.B. (2009). Dendritic spine dynamics. Annu Rev 
Physiol 71, 261-282. 
Borchelt, D.R., Ratovitski, T., van Lare, J., Lee, M.K., Gonzales, V., Jenkins, N.A., 
Copeland, N.G., Price, D.L., and Sisodia, S.S. (1997). Accelerated amyloid deposition 
in the brains of transgenic mice coexpressing mutant presenilin 1 and amyloid 
precursor proteins. Neuron 19, 939-945. 
Brebner, K., Wong, T.P., Liu, L., Liu, Y., Campsall, P., Gray, S., Phelps, L., Phillips, 
A.G., and Wang, Y.T. (2005). Nucleus accumbens long-term depression and the 
expression of behavioral sensitization. Science 310, 1340-1343. 
Bright, P., Buckman, J., Fradera, A., Yoshimasu, H., Colchester, A.C., and Kopelman, 
M.D. (2006). Retrograde amnesia in patients with hippocampal, medial temporal, 
temporal lobe, or frontal pathology. Learn Mem 13, 545-557. 
Broide, R.S., Trembleau, A., Ellison, J.A., Cooper, J., Lo, D., Young, W.G., Morrison, 
J.H., and Bloom, F.E. (2004). Standardized quantitative in situ hybridization using 



 

52 

radioactive oligonucleotide probes for detecting relative levels of mRNA transcripts 
verified by real-time PCR. Brain Res 1000, 211-222. 
Budel, S., Padukkavidana, T., Liu, B.P., Feng, Z., Hu, F., Johnson, S., Lauren, J., Park, 
J.H., McGee, A.W., Liao, J., et al. (2008). Genetic variants of Nogo-66 receptor with 
possible association to schizophrenia block myelin inhibition of axon growth. J 
Neurosci 28, 13161-13172. 
Buffo, A., Zagrebelsky, M., Huber, A.B., Skerra, A., Schwab, M.E., Strata, P., and 
Rossi, F. (2000). Application of neutralizing antibodies against NI-35/250 myelin-
associated neurite growth inhibitory proteins to the adult rat cerebellum induces 
sprouting of uninjured purkinje cell axons. J Neurosci 20, 2275-2286. 
Cafferty, W.B., Duffy, P., Huebner, E., and Strittmatter, S.M. (2010). MAG and OMgp 
synergize with Nogo-A to restrict axonal growth and neurological recovery after spinal 
cord trauma. J Neurosci 30, 6825-6837. 
Cafferty, W.B., Kim, J.E., Lee, J.K., and Strittmatter, S.M. (2007a). Response to 
correspondence: Kim et al., "axon regeneration in young adult mice lacking Nogo-
A/B." Neuron 38, 187-199. Neuron 54, 195-199. 
Cafferty, W.B., Yang, S.H., Duffy, P.J., Li, S., and Strittmatter, S.M. (2007b). 
Functional axonal regeneration through astrocytic scar genetically modified to digest 
chondroitin sulfate proteoglycans. J Neurosci 27, 2176-2185. 
Caroni, P., and Schwab, M.E. (1988a). Antibody against myelin-associated inhibitor of 
neurite growth neutralizes nonpermissive substrate properties of CNS white matter. 
Neuron 1, 85-96. 
Caroni, P., and Schwab, M.E. (1988b). Two membrane protein fractions from rat 
central myelin with inhibitory properties for neurite growth and fibroblast spreading. J 
Cell Biol 106, 1281-1288. 
Castner, S.A., and Williams, G.V. (2007). From vice to virtue: insights from 
sensitization in the nonhuman primate. Prog Neuropsychopharmacol Biol Psychiatry 
31, 1572-1592. 
Chao, M.V. (2003). Neurotrophins and their receptors: a convergence point for many 
signalling pathways. Nat Rev Neurosci 4, 299-309. 
Cheatwood, J.L., Emerick, A.J., Schwab, M.E., and Kartje, G.L. (2008). Nogo-A 
expression after focal ischemic stroke in the adult rat. Stroke 39, 2091-2098. 
Chen, M.S., Huber, A.B., van der Haar, M.E., Frank, M., Schnell, L., Spillmann, A.A., 
Christ, F., and Schwab, M.E. (2000). Nogo-A is a myelin-associated neurite outgrowth 
inhibitor and an antigen for monoclonal antibody IN-1. Nature 403, 434-439. 
Chivatakarn, O., Kaneko, S., He, Z., Tessier-Lavigne, M., and Giger, R.J. (2007). The 
Nogo-66 receptor NgR1 is required only for the acute growth cone-collapsing but not 
the chronic growth-inhibitory actions of myelin inhibitors. J Neurosci 27, 7117-7124. 
Cipolotti, L., Shallice, T., Chan, D., Fox, N., Scahill, R., Harrison, G., Stevens, J., and 
Rudge, P. (2001). Long-term retrograde amnesia...the crucial role of the hippocampus. 
Neuropsychologia 39, 151-172. 
Cohen, N.J., and Squire, L.R. (1980). Preserved learning and retention of pattern-
analyzing skill in amnesia: dissociation of knowing how and knowing that. Science 
210, 207-210. 
Cotman, C.W., Matthews, D.A., Taylor, D., and Lynch, G. (1973). Synaptic 
rearrangement in the dentate gyrus: histochemical evidence of adjustments after lesions 
in immature and adult rats. Proc Natl Acad Sci U S A 70, 3473-3477. 
Craveiro, L.M., Hakkoum, D., Weinmann, O., Montani, L., Stoppini, L., and Schwab, 
M.E. (2008). Neutralization of the membrane protein Nogo-A enhances growth and 
reactive sprouting in established organotypic hippocampal slice cultures. Eur J 
Neurosci 28, 1808-1824. 



 

  53 

D'Hooge, R., and De Deyn, P.P. (2001). Applications of the Morris water maze in the 
study of learning and memory. Brain Res Brain Res Rev 36, 60-90. 
Dagerlind, A., Friberg, K., Bean, A.J., and Hokfelt, T. (1992). Sensitive mRNA 
detection using unfixed tissue: combined radioactive and non-radioactive in situ 
hybridization histochemistry. Histochemistry 98, 39-49. 
Danker, J.F., and Anderson, J.R. (2010). The ghosts of brain states past: remembering 
reactivates the brain regions engaged during encoding. Psychol Bull 136, 87-102. 
Delekate, A., Zagrebelsky, M., Kramer, S., Schwab, M.E., and Korte, M. (2011). 
NogoA restricts synaptic plasticity in the adult hippocampus on a fast time scale. Proc 
Natl Acad Sci U S A 108, 2569-2574. 
Dergham, P., Ellezam, B., Essagian, C., Avedissian, H., Lubell, W.D., and 
McKerracher, L. (2002). Rho signaling pathway targeted to promote spinal cord repair. 
J Neurosci 22, 6570-6577. 
Dickendesher, T.L., Baldwin, K.T., Mironova, Y.A., Koriyama, Y., Raiker, S.J., 
Askew, K.L., Wood, A., Geoffroy, C.G., Zheng, B., Liepmann, C.D., et al. (2012). 
NgR1 and NgR3 are receptors for chondroitin sulfate proteoglycans. Nat Neurosci 15, 
703-712. 
Dimou, L., Schnell, L., Montani, L., Duncan, C., Simonen, M., Schneider, R., 
Liebscher, T., Gullo, M., and Schwab, M.E. (2006). Nogo-A-deficient mice reveal 
strain-dependent differences in axonal regeneration. J Neurosci 26, 5591-5603. 
Dodd, D.A., Niederoest, B., Bloechlinger, S., Dupuis, L., Loeffler, J.P., and Schwab, 
M.E. (2005). Nogo-A, -B, and -C are found on the cell surface and interact together in 
many different cell types. J Biol Chem 280, 12494-12502. 
Domeniconi, M., Cao, Z., Spencer, T., Sivasankaran, R., Wang, K., Nikulina, E., 
Kimura, N., Cai, H., Deng, K., Gao, Y., et al. (2002). Myelin-associated glycoprotein 
interacts with the Nogo66 receptor to inhibit neurite outgrowth. Neuron 35, 283-290. 
Draganski, B., Gaser, C., Kempermann, G., Kuhn, H.G., Winkler, J., Buchel, C., and 
May, A. (2006). Temporal and spatial dynamics of brain structure changes during 
extensive learning. J Neurosci 26, 6314-6317. 
Duan, H., Wearne, S.L., Rocher, A.B., Macedo, A., Morrison, J.H., and Hof, P.R. 
(2003). Age-related dendritic and spine changes in corticocortically projecting neurons 
in macaque monkeys. Cereb Cortex 13, 950-961. 
Duffy, P., Schmandke, A., Sigworth, J., Narumiya, S., Cafferty, W.B., and Strittmatter, 
S.M. (2009). Rho-associated kinase II (ROCKII) limits axonal growth after trauma 
within the adult mouse spinal cord. J Neurosci 29, 15266-15276. 
Endo, T., Spenger, C., Tominaga, T., Brene, S., and Olson, L. (2007). Cortical sensory 
map rearrangement after spinal cord injury: fMRI responses linked to Nogo signalling. 
Brain 130, 2951-2961. 
Engert, F., and Bonhoeffer, T. (1999). Dendritic spine changes associated with 
hippocampal long-term synaptic plasticity. Nature 399, 66-70. 
Eustache, F., and Desgranges, B. (2008). MNESIS: towards the integration of current 
multisystem models of memory. Neuropsychol Rev 18, 53-69. 
Fields, R.D. (2011). Imaging learning: the search for a memory trace. Neuroscientist 
17, 185-196. 
Fournier, A.E., GrandPre, T., and Strittmatter, S.M. (2001). Identification of a receptor 
mediating Nogo-66 inhibition of axonal regeneration. Nature 409, 341-346. 
Fournier, A.E., Takizawa, B.T., and Strittmatter, S.M. (2003). Rho kinase inhibition 
enhances axonal regeneration in the injured CNS. J Neurosci 23, 1416-1423. 
Fukata, Y., Adesnik, H., Iwanaga, T., Bredt, D.S., Nicoll, R.A., and Fukata, M. (2006). 
Epilepsy-related ligand/receptor complex LGI1 and ADAM22 regulate synaptic 
transmission. Science 313, 1792-1795. 



 

54 

Garcia-Lopez, P., Garcia-Marin, V., and Freire, M. (2007). The discovery of dendritic 
spines by Cajal in 1888 and its relevance in the present neuroscience. Prog Neurobiol 
83, 110-130. 
Gold, J.J., and Squire, L.R. (2006). The anatomy of amnesia: neurohistological analysis 
of three new cases. Learn Mem 13, 699-710. 
Gonzenbach, R.R., and Schwab, M.E. (2008). Disinhibition of neurite growth to repair 
the injured adult CNS: focusing on Nogo. Cell Mol Life Sci 65, 161-176. 
Goto, Y., and Grace, A.A. (2005). Dopamine-dependent interactions between limbic 
and prefrontal cortical plasticity in the nucleus accumbens: disruption by cocaine 
sensitization. Neuron 47, 255-266. 
GrandPre, T., Nakamura, F., Vartanian, T., and Strittmatter, S.M. (2000). Identification 
of the Nogo inhibitor of axon regeneration as a Reticulon protein. Nature 403, 439-444. 
Greenough, W.T., Hwang, H.M., and Gorman, C. (1985). Evidence for active synapse 
formation or altered postsynaptic metabolism in visual cortex of rats reared in complex 
environments. Proc Natl Acad Sci U S A 82, 4549-4552. 
Harding, A., Halliday, G., Caine, D., and Kril, J. (2000). Degeneration of anterior 
thalamic nuclei differentiates alcoholics with amnesia. Brain 123 ( Pt 1), 141-154. 
Hardy, J., and Selkoe, D.J. (2002). The amyloid hypothesis of Alzheimer's disease: 
progress and problems on the road to therapeutics. Science 297, 353-356. 
Hashimoto, M., and Masliah, E. (2003). Cycles of aberrant synaptic sprouting and 
neurodegeneration in Alzheimer's and dementia with Lewy bodies. Neurochem Res 28, 
1743-1756. 
He, W., Lu, Y., Qahwash, I., Hu, X.Y., Chang, A., and Yan, R. (2004). Reticulon 
family members modulate BACE1 activity and amyloid-beta peptide generation. Nat 
Med 10, 959-965. 
Hisaoka, T., Morikawa, Y., Komori, T., Sugiyama, T., Kitamura, T., and Senba, E. 
(2006). Characterization of TROY-expressing cells in the developing and postnatal 
CNS: the possible role in neuronal and glial cell development. Eur J Neurosci 23, 3149-
3160. 
Hofer, S.B., Mrsic-Flogel, T.D., Bonhoeffer, T., and Hubener, M. (2006). Lifelong 
learning: ocular dominance plasticity in mouse visual cortex. Curr Opin Neurobiol 16, 
451-459. 
Holtmaat, A., and Svoboda, K. (2009). Experience-dependent structural synaptic 
plasticity in the mammalian brain. Nat Rev Neurosci 10, 647-658. 
Holtmaat, A.J., Trachtenberg, J.T., Wilbrecht, L., Shepherd, G.M., Zhang, X., Knott, 
G.W., and Svoboda, K. (2005). Transient and persistent dendritic spines in the 
neocortex in vivo. Neuron 45, 279-291. 
Hu, F., Liu, B.P., Budel, S., Liao, J., Chin, J., Fournier, A., and Strittmatter, S.M. 
(2005). Nogo-A interacts with the Nogo-66 receptor through multiple sites to create an 
isoform-selective subnanomolar agonist. J Neurosci 25, 5298-5304. 
Huber, A.B., Weinmann, O., Brosamle, C., Oertle, T., and Schwab, M.E. (2002). 
Patterns of Nogo mRNA and protein expression in the developing and adult rat and 
after CNS lesions. J Neurosci 22, 3553-3567. 
Huebner, E.A., Kim, B.G., Duffy, P.J., Brown, R.H., and Strittmatter, S.M. (2011). A 
multi-domain fragment of Nogo-A protein is a potent inhibitor of cortical axon 
regeneration via Nogo receptor 1. J Biol Chem 286, 18026-18036. 
Hunt, D., Coffin, R.S., Prinjha, R.K., Campbell, G., and Anderson, P.N. (2003). Nogo-
A expression in the intact and injured nervous system. Mol Cell Neurosci 24, 1083-
1102. 
Hunt, D., Mason, M.R., Campbell, G., Coffin, R., and Anderson, P.N. (2002). Nogo 
receptor mRNA expression in intact and regenerating CNS neurons. Mol Cell Neurosci 
20, 537-552. 



 

  55 

Huttenlocher, P.R. (1979). Synaptic density in human frontal cortex - developmental 
changes and effects of aging. Brain Res 163, 195-205. 
Isaacs, E.B., Vargha-Khadem, F., Watkins, K.E., Lucas, A., Mishkin, M., and Gadian, 
D.G. (2003). Developmental amnesia and its relationship to degree of hippocampal 
atrophy. Proc Natl Acad Sci U S A 100, 13060-13063. 
Jeneson, A., and Squire, L.R. (2012). Working memory, long-term memory, and 
medial temporal lobe function. Learn Mem 19, 15-25. 
Ji, B., Li, M., Wu, W.T., Yick, L.W., Lee, X., Shao, Z., Wang, J., So, K.F., McCoy, 
J.M., Pepinsky, R.B., et al. (2006). LINGO-1 antagonist promotes functional recovery 
and axonal sprouting after spinal cord injury. Mol Cell Neurosci 33, 311-320. 
Josephson, A., Trifunovski, A., Scheele, C., Widenfalk, J., Wahlestedt, C., Brene, S., 
Olson, L., and Spenger, C. (2003). Activity-induced and developmental downregulation 
of the Nogo receptor. Cell Tissue Res 311, 333-342. 
Josephson, A., Trifunovski, A., Widmer, H.R., Widenfalk, J., Olson, L., and Spenger, 
C. (2002). Nogo-receptor gene activity: cellular localization and developmental 
regulation of mRNA in mice and humans. J Comp Neurol 453, 292-304. 
Josephson, A., Widenfalk, J., Widmer, H.W., Olson, L., and Spenger, C. (2001). 
NOGO mRNA expression in adult and fetal human and rat nervous tissue and in weight 
drop injury. Exp Neurol 169, 319-328. 
Joset, A., Dodd, D.A., Halegoua, S., and Schwab, M.E. (2010). Pincher-generated 
Nogo-A endosomes mediate growth cone collapse and retrograde signaling. J Cell Biol 
188, 271-285. 
Karlen, A., Karlsson, T.E., Mattsson, A., Lundstromer, K., Codeluppi, S., Pham, T.M., 
Backman, C.M., Ogren, S.O., Aberg, E., Hoffman, A.F., et al. (2009). Nogo receptor 1 
regulates formation of lasting memories. Proc Natl Acad Sci U S A 106, 20476-20481. 
Kern, F., Sarg, B., Stasyk, T., Hess, D., and Lindner, H. (2012). The Nogo receptor 2 is 
a novel substrate of Fbs1. Biochem Biophys Res Commun 417, 977-981. 
Kim, J.E., Li, S., GrandPre, T., Qiu, D., and Strittmatter, S.M. (2003). Axon 
regeneration in young adult mice lacking Nogo-A/B. Neuron 38, 187-199. 
Kim, J.E., Liu, B.P., Park, J.H., and Strittmatter, S.M. (2004). Nogo-66 receptor 
prevents raphespinal and rubrospinal axon regeneration and limits functional recovery 
from spinal cord injury. Neuron 44, 439-451. 
Knott, G.W., Quairiaux, C., Genoud, C., and Welker, E. (2002). Formation of dendritic 
spines with GABAergic synapses induced by whisker stimulation in adult mice. 
Neuron 34, 265-273. 
Knowlton, B.J., Mangels, J.A., and Squire, L.R. (1996). A neostriatal habit learning 
system in humans. Science 273, 1399-1402. 
Kolb, B., Cioe, J., and Comeau, W. (2008). Contrasting effects of motor and visual 
spatial learning tasks on dendritic arborization and spine density in rats. Neurobiol 
Learn Mem 90, 295-300. 
Koprivica, V., Cho, K.S., Park, J.B., Yiu, G., Atwal, J., Gore, B., Kim, J.A., Lin, E., 
Tessier-Lavigne, M., Chen, D.F., et al. (2005). EGFR activation mediates inhibition of 
axon regeneration by myelin and chondroitin sulfate proteoglycans. Science 310, 106-
110. 
Kottis, V., Thibault, P., Mikol, D., Xiao, Z.C., Zhang, R., Dergham, P., and Braun, P.E. 
(2002). Oligodendrocyte-myelin glycoprotein (OMgp) is an inhibitor of neurite 
outgrowth. J Neurochem 82, 1566-1569. 
Kurihara, Y., Arie, Y., Iketani, M., Ito, H., Nishiyama, K., Sato, Y., Nakamura, F., 
Mizuki, N., Goshima, Y., and Takei, K. (2012). The carboxyl-terminal region of 
Crtac1B/LOTUS acts as a functional domain in endogenous antagonism to Nogo 
receptor-1. Biochem Biophys Res Commun 418, 390-395. 



 

56 

Lauren, J., Airaksinen, M.S., Saarma, M., and Timmusk, T. (2003). Two novel 
mammalian Nogo receptor homologs differentially expressed in the central and 
peripheral nervous systems. Mol Cell Neurosci 24, 581-594. 
Lauren, J., Hu, F., Chin, J., Liao, J., Airaksinen, M.S., and Strittmatter, S.M. (2007). 
Characterization of myelin ligand complexes with neuronal Nogo-66 receptor family 
members. J Biol Chem 282, 5715-5725. 
LeDoux, J. (2007). The amygdala. Curr Biol 17, R868-874. 
Lee, H., Raiker, S.J., Venkatesh, K., Geary, R., Robak, L.A., Zhang, Y., Yeh, H.H., 
Shrager, P., and Giger, R.J. (2008). Synaptic function for the Nogo-66 receptor NgR1: 
regulation of dendritic spine morphology and activity-dependent synaptic strength. J 
Neurosci 28, 2753-2765. 
Lee, J.K., Geoffroy, C.G., Chan, A.F., Tolentino, K.E., Crawford, M.J., Leal, M.A., 
Kang, B., and Zheng, B. (2010). Assessing spinal axon regeneration and sprouting in 
Nogo-, MAG-, and OMgp-deficient mice. Neuron 66, 663-670. 
Lee, J.K., Kim, J.E., Sivula, M., and Strittmatter, S.M. (2004). Nogo receptor 
antagonism promotes stroke recovery by enhancing axonal plasticity. J Neurosci 24, 
6209-6217. 
Li, S., and Strittmatter, S.M. (2003). Delayed systemic Nogo-66 receptor antagonist 
promotes recovery from spinal cord injury. J Neurosci 23, 4219-4227. 
Linseman, D.A., and Loucks, F.A. (2008). Diverse roles of Rho family GTPases in 
neuronal development, survival, and death. Front Biosci 13, 657-676. 
Liu, B.P., Fournier, A., GrandPre, T., and Strittmatter, S.M. (2002). Myelin-associated 
glycoprotein as a functional ligand for the Nogo-66 receptor. Science 297, 1190-1193. 
Liu, Y.Y., Jin, W.L., Liu, H.L., and Ju, G. (2003). Electron microscopic localization of 
Nogo-A at the postsynaptic active zone of the rat. Neurosci Lett 346, 153-156. 
Lord-Fontaine, S., Yang, F., Diep, Q., Dergham, P., Munzer, S., Tremblay, P., and 
McKerracher, L. (2008). Local inhibition of Rho signaling by cell-permeable 
recombinant protein BA-210 prevents secondary damage and promotes functional 
recovery following acute spinal cord injury. J Neurotrauma 25, 1309-1322. 
Luscher, C., and Malenka, R.C. (2011). Drug-evoked synaptic plasticity in addiction: 
from molecular changes to circuit remodeling. Neuron 69, 650-663. 
Lv, J., Xu, R.X., Jiang, X.D., Lu, X., Ke, Y.Q., Cai, Y.Q., Du, M.X., Hu, C., Zou, Y.X., 
Qin, L.S., et al. (2010). Passive immunization with LINGO-1 polyclonal antiserum 
afforded neuroprotection and promoted functional recovery in a rat model of spinal 
cord injury. Neuroimmunomodulation 17, 270-278. 
Maguire, E.A., Gadian, D.G., Johnsrude, I.S., Good, C.D., Ashburner, J., Frackowiak, 
R.S., and Frith, C.D. (2000). Navigation-related structural change in the hippocampi of 
taxi drivers. Proc Natl Acad Sci U S A 97, 4398-4403. 
Maletic-Savatic, M., Malinow, R., and Svoboda, K. (1999). Rapid dendritic 
morphogenesis in CA1 hippocampal dendrites induced by synaptic activity. Science 
283, 1923-1927. 
Manns, J.R., Hopkins, R.O., Reed, J.M., Kitchener, E.G., and Squire, L.R. (2003a). 
Recognition memory and the human hippocampus. Neuron 37, 171-180. 
Manns, J.R., Hopkins, R.O., and Squire, L.R. (2003b). Semantic memory and the 
human hippocampus. Neuron 38, 127-133. 
Masliah, E., Xie, F., Dayan, S., Rockenstein, E., Mante, M., Adame, A., Patrick, C.M., 
Chan, A.F., and Zheng, B. (2010). Genetic deletion of Nogo/Rtn4 ameliorates 
behavioral and neuropathological outcomes in amyloid precursor protein transgenic 
mice. Neuroscience 169, 488-494. 
Mathews, D.H., Burkard, M.E., Freier, S.M., Wyatt, J.R., and Turner, D.H. (1999). 
Predicting oligonucleotide affinity to nucleic acid targets. RNA 5, 1458-1469. 



 

  57 

Mayes, A.R., Meudell, P.R., Mann, D., and Pickering, A. (1988). Location of lesions in 
Korsakoff's syndrome: neuropsychological and neuropathological data on two patients. 
Cortex 24, 367-388. 
McGee, A.W., Yang, Y., Fischer, Q.S., Daw, N.W., and Strittmatter, S.M. (2005). 
Experience-driven plasticity of visual cortex limited by myelin and Nogo receptor. 
Science 309, 2222-2226. 
McKerracher, L., David, S., Jackson, D.L., Kottis, V., Dunn, R.J., and Braun, P.E. 
(1994). Identification of myelin-associated glycoprotein as a major myelin-derived 
inhibitor of neurite growth. Neuron 13, 805-811. 
Mi, S., Lee, X., Shao, Z., Thill, G., Ji, B., Relton, J., Levesque, M., Allaire, N., Perrin, 
S., Sands, B., et al. (2004). LINGO-1 is a component of the Nogo-66 receptor/p75 
signaling complex. Nat Neurosci 7, 221-228. 
Miao, R.Q., Gao, Y., Harrison, K.D., Prendergast, J., Acevedo, L.M., Yu, J., Hu, F., 
Strittmatter, S.M., and Sessa, W.C. (2006). Identification of a receptor necessary for 
Nogo-B stimulated chemotaxis and morphogenesis of endothelial cells. Proc Natl Acad 
Sci U S A 103, 10997-11002. 
Mingorance, A., Fontana, X., Sole, M., Burgaya, F., Urena, J.M., Teng, F.Y., Tang, 
B.L., Hunt, D., Anderson, P.N., Bethea, J.R., et al. (2004). Regulation of Nogo and 
Nogo receptor during the development of the entorhino-hippocampal pathway and after 
adult hippocampal lesions. Mol Cell Neurosci 26, 34-49. 
Mingorance, A., Sole, M., Muneton, V., Martinez, A., Nieto-Sampedro, M., Soriano, 
E., and del Rio, J.A. (2006). Regeneration of lesioned entorhino-hippocampal axons in 
vitro by combined degradation of inhibitory proteoglycans and blockade of Nogo-
66/NgR signaling. Faseb J 20, 491-493. 
Mizrahi, A., Crowley, J.C., Shtoyerman, E., and Katz, L.C. (2004). High-resolution in 
vivo imaging of hippocampal dendrites and spines. J Neurosci 24, 3147-3151. 
Montani, L., Gerrits, B., Gehrig, P., Kempf, A., Dimou, L., Wollscheid, B., and 
Schwab, M.E. (2009). Neuronal Nogo-A modulates growth cone motility via Rho-
GTP/LIMK1/cofilin in the unlesioned adult nervous system. J Biol Chem 284, 10793-
10807. 
Morris, R. (1984). Developments of a water-maze procedure for studying spatial 
learning in the rat. J Neurosci Methods 11, 47-60. 
Moser, M.B., Trommald, M., and Andersen, P. (1994). An increase in dendritic spine 
density on hippocampal CA1 pyramidal cells following spatial learning in adult rats 
suggests the formation of new synapses. Proc Natl Acad Sci U S A 91, 12673-12675. 
Mukhopadhyay, G., Doherty, P., Walsh, F.S., Crocker, P.R., and Filbin, M.T. (1994). A 
novel role for myelin-associated glycoprotein as an inhibitor of axonal regeneration. 
Neuron 13, 757-767. 
Murphy, K.J., Miller, A.M., Thelma, R., Cowley, F., Cox, F.F., and Lynch, M.A. 
(2011). The age- and amyloid-beta-related increases in Nogo B contribute to microglial 
activation. Neurochem Int 58, 161-168. 
Nagerl, U.V., Eberhorn, N., Cambridge, S.B., and Bonhoeffer, T. (2004). Bidirectional 
activity-dependent morphological plasticity in hippocampal neurons. Neuron 44, 759-
767. 
Nakamura, Y., Fujita, Y., Ueno, M., Takai, T., and Yamashita, T. (2011). Paired 
immunoglobulin-like receptor B knockout does not enhance axonal regeneration or 
locomotor recovery after spinal cord injury. J Biol Chem 286, 1876-1883. 
Nakaya, N., Sultana, A., Lee, H.S., and Tomarev, S.I. (2012). Olfactomedin 1 interacts 
with the Nogo A receptor complex to regulate axon growth. J Biol Chem. 
Nash, M., Pribiag, H., Fournier, A.E., and Jacobson, C. (2009). Central nervous system 
regeneration inhibitors and their intracellular substrates. Mol Neurobiol 40, 224-235. 



 

58 

Nyberg, L., Habib, R., McIntosh, A.R., and Tulving, E. (2000). Reactivation of 
encoding-related brain activity during memory retrieval. Proc Natl Acad Sci U S A 97, 
11120-11124. 
Oertle, T., van der Haar, M.E., Bandtlow, C.E., Robeva, A., Burfeind, P., Buss, A., 
Huber, A.B., Simonen, M., Schnell, L., Brosamle, C., et al. (2003). Nogo-A inhibits 
neurite outgrowth and cell spreading with three discrete regions. J Neurosci 23, 5393-
5406. 
Okafuji, T., and Tanaka, H. (2005). Expression pattern of LINGO-1 in the developing 
nervous system of the chick embryo. Gene Expr Patterns 6, 57-62. 
Omoto, S., Ueno, M., Mochio, S., Takai, T., and Yamashita, T. (2010). Genetic 
deletion of paired immunoglobulin-like receptor B does not promote axonal plasticity 
or functional recovery after traumatic brain injury. J Neurosci 30, 13045-13052. 
Pan, F., and Gan, W.B. (2008). Two-photon imaging of dendritic spine development in 
the mouse cortex. Dev Neurobiol 68, 771-778. 
Park, J.B., Yiu, G., Kaneko, S., Wang, J., Chang, J., He, X.L., Garcia, K.C., and He, Z. 
(2005). A TNF receptor family member, TROY, is a coreceptor with Nogo receptor in 
mediating the inhibitory activity of myelin inhibitors. Neuron 45, 345-351. 
Park, J.H., Gimbel, D.A., GrandPre, T., Lee, J.K., Kim, J.E., Li, W., Lee, D.H., and 
Strittmatter, S.M. (2006a). Alzheimer precursor protein interaction with the Nogo-66 
receptor reduces amyloid-beta plaque deposition. J Neurosci 26, 1386-1395. 
Park, J.H., Widi, G.A., Gimbel, D.A., Harel, N.Y., Lee, D.H., and Strittmatter, S.M. 
(2006b). Subcutaneous Nogo receptor removes brain amyloid-beta and improves 
spatial memory in Alzheimer's transgenic mice. J Neurosci 26, 13279-13286. 
Pernet, V., and Schwab, M.E. (2012). The role of Nogo-A in axonal plasticity, 
regrowth and repair. Cell Tissue Res 349, 97-104. 
Pignot, V., Hein, A.E., Barske, C., Wiessner, C., Walmsley, A.R., Kaupmann, K., 
Mayeur, H., Sommer, B., Mir, A.K., and Frentzel, S. (2003). Characterization of two 
novel proteins, NgRH1 and NgRH2, structurally and biochemically homologous to the 
Nogo-66 receptor. J Neurochem 85, 717-728. 
Pizzorusso, T., Medini, P., Berardi, N., Chierzi, S., Fawcett, J.W., and Maffei, L. 
(2002). Reactivation of ocular dominance plasticity in the adult visual cortex. Science 
298, 1248-1251. 
Prinjha, R., Moore, S.E., Vinson, M., Blake, S., Morrow, R., Christie, G., Michalovich, 
D., Simmons, D.L., and Walsh, F.S. (2000). Inhibitor of neurite outgrowth in humans. 
Nature 403, 383-384. 
Raiker, S.J., Lee, H., Baldwin, K.T., Duan, Y., Shrager, P., and Giger, R.J. (2010). 
Oligodendrocyte-myelin glycoprotein and Nogo negatively regulate activity-dependent 
synaptic plasticity. J Neurosci 30, 12432-12445. 
Raisman, G. (1969). Neuronal plasticity in the septal nuclei of the adult rat. Brain Res 
14, 25-48. 
Rakic, P., Bourgeois, J.P., Eckenhoff, M.F., Zecevic, N., and Goldman-Rakic, P.S. 
(1986). Concurrent overproduction of synapses in diverse regions of the primate 
cerebral cortex. Science 232, 232-235. 
Rakic, P., Bourgeois, J.P., and Goldman-Rakic, P.S. (1994). Synaptic development of 
the cerebral cortex: implications for learning, memory, and mental illness. Prog Brain 
Res 102, 227-243. 
Rempel-Clower, N.L., Zola, S.M., Squire, L.R., and Amaral, D.G. (1996). Three cases 
of enduring memory impairment after bilateral damage limited to the hippocampal 
formation. J Neurosci 16, 5233-5255. 
Richardson, P.M., Issa, V.M., and Aguayo, A.J. (1984). Regeneration of long spinal 
axons in the rat. J Neurocytol 13, 165-182. 



 

  59 

Robak, L.A., Venkatesh, K., Lee, H., Raiker, S.J., Duan, Y., Lee-Osbourne, J., Hofer, 
T., Mage, R.G., Rader, C., and Giger, R.J. (2009). Molecular basis of the interactions of 
the Nogo-66 receptor and its homolog NgR2 with myelin-associated glycoprotein: 
development of NgROMNI-Fc, a novel antagonist of CNS myelin inhibition. J 
Neurosci 29, 5768-5783. 
Robinson, T.E., and Kolb, B. (2004). Structural plasticity associated with exposure to 
drugs of abuse. Neuropharmacology 47 Suppl 1, 33-46. 
Roux, P.P., and Barker, P.A. (2002). Neurotrophin signaling through the p75 
neurotrophin receptor. Prog Neurobiol 67, 203-233. 
Russo, S.J., Dietz, D.M., Dumitriu, D., Morrison, J.H., Malenka, R.C., and Nestler, E.J. 
(2010). The addicted synapse: mechanisms of synaptic and structural plasticity in 
nucleus accumbens. Trends Neurosci 33, 267-276. 
Sacks, O. (1995). An Anthropologist on Mars (New York, Random House). 
Saha, N., Kolev, M.V., Semavina, M., Himanen, J., and Nikolov, D.B. (2011). 
Ganglioside mediate the interaction between Nogo receptor 1 and LINGO-1. Biochem 
Biophys Res Commun 413, 92-97. 
Saneyoshi, T., Fortin, D.A., and Soderling, T.R. (2010). Regulation of spine and 
synapse formation by activity-dependent intracellular signaling pathways. Curr Opin 
Neurobiol 20, 108-115. 
Sato, Y., Iketani, M., Kurihara, Y., Yamaguchi, M., Yamashita, N., Nakamura, F., Arie, 
Y., Kawasaki, T., Hirata, T., Abe, T., et al. (2011). Cartilage acidic protein-1B 
(LOTUS), an endogenous Nogo receptor antagonist for axon tract formation. Science 
333, 769-773. 
Schubert, V., and Dotti, C.G. (2007). Transmitting on actin: synaptic control of 
dendritic architecture. J Cell Sci 120, 205-212. 
Scoville, W.B., and Milner, B. (1957). Loss of recent memory after bilateral 
hippocampal lesions. J Neurol Neurosurg Psychiatry 20, 11-21. 
Segal, D.S., and Mandell, A.J. (1974). Long-term administration of d-amphetamine: 
progressive augmentation of motor activity and stereotypy. Pharmacol Biochem Behav 
2, 249-255. 
Selkoe, D.J. (2005). Defining molecular targets to prevent Alzheimer disease. Arch 
Neurol 62, 192-195. 
Shao, Z., Browning, J.L., Lee, X., Scott, M.L., Shulga-Morskaya, S., Allaire, N., Thill, 
G., Levesque, M., Sah, D., McCoy, J.M., et al. (2005). TAJ/TROY, an orphan TNF 
receptor family member, binds Nogo-66 receptor 1 and regulates axonal regeneration. 
Neuron 45, 353-359. 
Sharma, S., Rakoczy, S., and Brown-Borg, H. (2010). Assessment of spatial memory in 
mice. Life Sci 87, 521-536. 
Shehadah, A., Chen, J., Cui, X., Roberts, C., Lu, M., and Chopp, M. (2010). 
Combination treatment of experimental stroke with Niaspan and Simvastatin, reduces 
axonal damage and improves functional outcome. J Neurol Sci 294, 107-111. 
Shepherd, G.M., and Erulkar, S.D. (1997). Centenary of the synapse: from Sherrington 
to the molecular biology of the synapse and beyond. Trends Neurosci 20, 385-392. 
Shrager, Y., Levy, D.A., Hopkins, R.O., and Squire, L.R. (2008). Working memory 
and the organization of brain systems. J Neurosci 28, 4818-4822. 
Sigurdsson, T., Doyere, V., Cain, C.K., and LeDoux, J.E. (2007). Long-term 
potentiation in the amygdala: a cellular mechanism of fear learning and memory. 
Neuropharmacology 52, 215-227. 
Simonen, M., Pedersen, V., Weinmann, O., Schnell, L., Buss, A., Ledermann, B., 
Christ, F., Sansig, G., van der Putten, H., and 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. 



 

60 

So, K.F., and Aguayo, A.J. (1985). Lengthy regrowth of cut axons from ganglion cells 
after peripheral nerve transplantation into the retina of adult rats. Brain Res 328, 349-
354. 
Sperk, G., Lassmann, H., Baran, H., Seitelberger, F., and Hornykiewicz, O. (1985). 
Kainic acid-induced seizures: dose-relationship of behavioural, neurochemical and 
histopathological changes. Brain Res 338, 289-295. 
Spillmann, A.A., Bandtlow, C.E., Lottspeich, F., Keller, F., and Schwab, M.E. (1998). 
Identification and characterization of a bovine neurite growth inhibitor (bNI-220). J 
Biol Chem 273, 19283-19293. 
Squire, L.R. (2009). The legacy of patient H.M. for neuroscience. Neuron 61, 6-9. 
Squire, L.R., Amaral, D.G., and Press, G.A. (1990). Magnetic resonance imaging of the 
hippocampal formation and mammillary nuclei distinguish medial temporal lobe and 
diencephalic amnesia. J Neurosci 10, 3106-3117. 
Squire, L.R., Amaral, D.G., Zola-Morgan, S., Kritchevsky, M., and Press, G. (1989). 
Description of brain injury in the amnesic patient N.A. based on magnetic resonance 
imaging. Exp Neurol 105, 23-35. 
Squire, L.R., Shimamura, A.P., and Graf, P. (1987). Strength and duration of priming 
effects in normal subjects and amnesic patients. Neuropsychologia 25, 195-210. 
Squire, L.R., and Wixted, J.T. (2011). The cognitive neuroscience of human memory 
since H.M. Annu Rev Neurosci 34, 259-288. 
Squire, L.R., and Zola-Morgan, S. (1991). The medial temporal lobe memory system. 
Science 253, 1380-1386. 
Staubli, U., and Scafidi, J. (1999). Time-dependent reversal of long-term potentiation in 
area CA1 of the freely moving rat induced by theta pulse stimulation. J Neurosci 19, 
8712-8719. 
Syken, J., Grandpre, T., Kanold, P.O., and Shatz, C.J. (2006). PirB restricts ocular-
dominance plasticity in visual cortex. Science 313, 1795-1800. 
Takei, Y. (2009). Phosphorylation of Nogo receptors suppresses Nogo signaling, 
allowing neurite regeneration. Sci Signal 2, ra14. 
Terry, R.D., Masliah, E., Salmon, D.P., Butters, N., DeTeresa, R., Hill, R., Hansen, 
L.A., and Katzman, R. (1991). Physical basis of cognitive alterations in Alzheimer's 
disease: synapse loss is the major correlate of cognitive impairment. Ann Neurol 30, 
572-580. 
Thomas, M.J., Beurrier, C., Bonci, A., and Malenka, R.C. (2001). Long-term 
depression in the nucleus accumbens: a neural correlate of behavioral sensitization to 
cocaine. Nat Neurosci 4, 1217-1223. 
Thomas, R., Favell, K., Morante-Redolat, J., Pool, M., Kent, C., Wright, M., Daignault, 
K., Ferraro, G.B., Montcalm, S., Durocher, Y., et al. (2010). LGI1 is a Nogo receptor 1 
ligand that antagonizes myelin-based growth inhibition. J Neurosci 30, 6607-6612. 
Toni, N., Buchs, P.A., Nikonenko, I., Bron, C.R., and Muller, D. (1999). LTP promotes 
formation of multiple spine synapses between a single axon terminal and a dendrite. 
Nature 402, 421-425. 
Tulving, E.S., Daniel L.; Stark, Heather A. (1982). Priming effects in word-fragment 
completion are independent of recognition memory. Journal of Experimental 
Psychology: Learning, Memory and Cognition 8, 336. 
Wagner, J.J., and Alger, B.E. (1996). Homosynaptic LTD and depotentiation: do they 
differ in name only? Hippocampus 6, 24-29. 
Wang, K.C., Kim, J.A., Sivasankaran, R., Segal, R., and He, Z. (2002a). P75 interacts 
with the Nogo receptor as a co-receptor for Nogo, MAG and OMgp. Nature 420, 74-78. 
Wang, K.C., Koprivica, V., Kim, J.A., Sivasankaran, R., Guo, Y., Neve, R.L., and He, 
Z. (2002b). Oligodendrocyte-myelin glycoprotein is a Nogo receptor ligand that 
inhibits neurite outgrowth. Nature 417, 941-944. 



 

  61 

Wang, T., Wang, J., Yin, C., Liu, R., Zhang, J.H., and Qin, X. (2010). Down-regulation 
of Nogo receptor promotes functional recovery by enhancing axonal connectivity after 
experimental stroke in rats. Brain Res 1360, 147-158. 
Wang, X., Baughman, K.W., Basso, D.M., and Strittmatter, S.M. (2006). Delayed 
Nogo receptor therapy improves recovery from spinal cord contusion. Ann Neurol 60, 
540-549. 
Wang, X., Chun, S.J., Treloar, H., Vartanian, T., Greer, C.A., and Strittmatter, S.M. 
(2002c). Localization of Nogo-A and Nogo-66 receptor proteins at sites of axon-myelin 
and synaptic contact. J Neurosci 22, 5505-5515. 
Wang, X., Duffy, P., McGee, A.W., Hasan, O., Gould, G., Tu, N., Harel, N.Y., Huang, 
Y., Carson, R.E., Weinzimmer, D., et al. (2011). Recovery from chronic spinal cord 
contusion after Nogo receptor intervention. Ann Neurol 70, 805-821. 
Wang, X., Hasan, O., Arzeno, A., Benowitz, L.I., Cafferty, W.B., and Strittmatter, S.M. 
(2012). Axonal regeneration induced by blockade of glial inhibitors coupled with 
activation of intrinsic neuronal growth pathways. Exp Neurol 237, 55-69. 
VanGuilder, H.D., Farley, J.A., Yan, H., Van Kirk, C.A., Mitschelen, M., Sonntag, 
W.E., and Freeman, W.M. (2011). Hippocampal dysregulation of synaptic plasticity-
associated proteins with age-related cognitive decline. Neurobiol Dis 43, 201-212. 
Vann, S.D., Aggleton, J.P., and Maguire, E.A. (2009). What does the retrosplenial 
cortex do? Nat Rev Neurosci 10, 792-802. 
Vargha-Khadem, F., Gadian, D.G., Watkins, K.E., Connelly, A., Van Paesschen, W., 
and Mishkin, M. (1997). Differential effects of early hippocampal pathology on 
episodic and semantic memory. Science 277, 376-380. 
Weinberg, E.L., and Spencer, P.S. (1979). Studies on the control of myelinogenesis. 3. 
Signalling of oligodendrocyte myelination by regenerating peripheral axons. Brain Res 
162, 273-279. 
Venkatesh, K., Chivatakarn, O., Lee, H., Joshi, P.S., Kantor, D.B., Newman, B.A., 
Mage, R., Rader, C., and Giger, R.J. (2005). The Nogo-66 receptor homolog NgR2 is a 
sialic acid-dependent receptor selective for myelin-associated glycoprotein. J Neurosci 
25, 808-822. 
Willi, R., Aloy, E.M., Yee, B.K., Feldon, J., and Schwab, M.E. (2009). Behavioral 
characterization of mice lacking the neurite outgrowth inhibitor Nogo-A. Genes Brain 
Behav 8, 181-192. 
Willi, R., Weinmann, O., Winter, C., Klein, J., Sohr, R., Schnell, L., Yee, B.K., Feldon, 
J., and Schwab, M.E. (2010). Constitutive genetic deletion of the growth regulator 
Nogo-A induces schizophrenia-related endophenotypes. J Neurosci 30, 556-567. 
Wills, Z.P., Mandel-Brehm, C., Mardinly, A.R., McCord, A.E., Giger, R.J., and 
Greenberg, M.E. (2012). The nogo receptor family restricts synapse number in the 
developing hippocampus. Neuron 73, 466-481. 
Vorhees, C.V., and Williams, M.T. (2006). Morris water maze: procedures for 
assessing spatial and related forms of learning and memory. Nat Protoc 1, 848-858. 
Xie, F., and Zheng, B. (2008). White matter inhibitors in CNS axon regeneration 
failure. Exp Neurol 209, 302-312. 
Xu, H.T., Pan, F., Yang, G., and Gan, W.B. (2007). Choice of cranial window type for 
in vivo imaging affects dendritic spine turnover in the cortex. Nat Neurosci 10, 549-
551. 
Yamashita, T., Higuchi, H., and Tohyama, M. (2002). The p75 receptor transduces the 
signal from myelin-associated glycoprotein to Rho. J Cell Biol 157, 565-570. 
Yang, G., Pan, F., and Gan, W.B. (2009). Stably maintained dendritic spines are 
associated with lifelong memories. Nature 462, 920-924. 
Yang, Y., Wang, X.B., Frerking, M., and Zhou, Q. (2008). Spine expansion and 
stabilization associated with long-term potentiation. J Neurosci 28, 5740-5751. 



 

62 

Yu, J., Fernandez-Hernando, C., Suarez, Y., Schleicher, M., Hao, Z., Wright, P.L., 
DiLorenzo, A., Kyriakides, T.R., and Sessa, W.C. (2009). Reticulon 4B (Nogo-B) is 
necessary for macrophage infiltration and tissue repair. Proc Natl Acad Sci U S A 106, 
17511-17516. 
Zagrebelsky, M., Schweigreiter, R., Bandtlow, C.E., Schwab, M.E., and Korte, M. 
(2010). Nogo-A stabilizes the architecture of hippocampal neurons. J Neurosci 30, 
13220-13234. 
Zhang, L., Zheng, S., Wu, H., Wu, Y., Liu, S., Fan, M., and Zhang, J. (2009). 
Identification of BLyS (B lymphocyte stimulator), a non-myelin-associated protein, as 
a functional ligand for Nogo-66 receptor. J Neurosci 29, 6348-6352. 
Zheng, B., Atwal, J., Ho, C., Case, L., He, X.L., Garcia, K.C., Steward, O., and Tessier-
Lavigne, M. (2005). Genetic deletion of the Nogo receptor does not reduce neurite 
inhibition in vitro or promote corticospinal tract regeneration in vivo. Proc Natl Acad 
Sci U S A 102, 1205-1210. 
Zheng, B., Ho, C., Li, S., Keirstead, H., Steward, O., and Tessier-Lavigne, M. (2003). 
Lack of enhanced spinal regeneration in Nogo-deficient mice. Neuron 38, 213-224. 
Zhou, Q., Homma, K.J., and Poo, M.M. (2004). Shrinkage of dendritic spines 
associated with long-term depression of hippocampal synapses. Neuron 44, 749-757. 
Zhou, X.D., Hu, X.Y., He, W.X., Tang, X.Y., Shi, Q., Zhang, Z.H., and Yan, R.Q. 
(2011). Interaction between amyloid precursor protein and Nogo receptors regulates 
amyloid deposition. Faseb J 25, 3146-3156. 
Zhou, Y.D., Lee, S., Jin, Z., Wright, M., Smith, S.E., and Anderson, M.P. (2009). 
Arrested maturation of excitatory synapses in autosomal dominant lateral temporal lobe 
epilepsy. Nat Med 15, 1208-1214. 
Zhu, H.Y., Guo, H.F., Hou, H.L., Liu, Y.J., Sheng, S.L., and Zhou, J.N. (2007). 
Increased expression of the Nogo receptor in the hippocampus and its relation to the 
neuropathology in Alzheimer's disease. Hum Pathol 38, 426-434. 
Zola-Morgan, S., Squire, L.R., and Amaral, D.G. (1986). Human amnesia and the 
medial temporal region: enduring memory impairment following a bilateral lesion 
limited to field CA1 of the hippocampus. J Neurosci 6, 2950-2967. 
Zola-Morgan, S., Squire, L.R., and Ramus, S.J. (1994). Severity of memory 
impairment in monkeys as a function of locus and extent of damage within the medial 
temporal lobe memory system. Hippocampus 4, 483-495. 
Zuker, M. (2003). Mfold web server for nucleic acid folding and hybridization 
prediction. Nucleic Acids Res 31, 3406-3415. 
 
 
 


