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Abstract
As neuronal development enters its final stages, axon growth becomes restricted. This lack of regenerative capacity is 
partly due to the non-permissive environment of growth inhibitory proteins. Three such proteins, Nogo, OMgp and 
MAG bind to the same receptor, the Nogo receptor (NgR) and induce growth cone collapse and axon growth inhi-
bition. Since NgR is GPI-linked to the cell membrane and lacks a cytoplasmic domain, additional transmembrane 
molecules are needed for intracellular signaling. The low-affinity NGF receptor p75, Lingo-1 and TROY serve as core-
ceptors involved in initiating the intracellular signaling cascade. Together, therefore, NgR, p75, Lingo-1, and TROY 
have important roles controlling regeneration, growth inhibition and neuronal plasticity. We have found that NgR and 
Lingo-1 are widely expressed in the brain and that these two gene transcripts are efficiently regulated in the CNS by neu-
ronal activity. We hypothesize that the NgR/p75/Lingo-1/TROY system is involved in synaptic plasticity and memory 
functions. Aims: To examine expression of components of the Nogo receptor complex during development, in the adult 
and in the aging brain. To analyze the expression of receptor components. To investigate the role of the NgR in mecha-
nisms of learning, memory and hippocampal neurogenesis in transgenic animals which overexpress NgR in forebrain 
neurons. To test mechanisms underlying regulation of Nogo receptor components and the possible connection between 
brain function (e.g. memory formation) and Nogo signaling. Methods: Histological analysis of different animal models 
with regard to the expression of transcripts encoding Nogo receptor components using in situ hybridization. Quantita-
tive mRNA analysis using RT-PCR. Kainic acid administration and intrahippocampal BDNF injections in adult rats. 
Generation and characterization of novel transgenic mouse lines that overexpress NgR via a tetracycline inducible Cam-
KII promoter. Paper I details the expression of NgR mRNA throughout development and in adult mouse and human 
tissues. In the adult, NgR is expressed in neurons in specific brain region associated with a high degree of plasticity. Paper 
II investigates how plasticity is regulated in regions with high NgR expression. We challenged rats with kainic acid and 
found the NgR was rapidly down-regulated, suggesting activity-dependent regulation. This was confirmed by showing 
that rats transiently down-regulate NgR during a period of establishing a running behavior, suggesting a role for NgR 
regulation in learning. Paper III addresses the NgR coreceptor Lingo-1. We found that Lingo-1 mRNA levels are rapidly 
and strongly increased in hippocampus by treatments thought to increase neuronal activity. We also describe regulation 
of NgR: Since BDNF upregulation coincides with the downregulation of NgR we tested a possible causal relationship 
by intracranial injections of BDNF or  BSA. NgR was downregulated by both injections, although BDNF caused a big-
ger effect than BSA in ipsilateral cortex. Lingo-1 was specifically upregulated by BDNF. It is hypothesized that activity-
driven structural synaptic plasticity is facilitated by appropriate changes of the levels of Nogo receptor components and 
trophic factors and that the Nogo system is also involved in stabilizing neuronal networks. Paper IV addresses the role 
of the NgR complex in a transgenic mouse model (mceph/mceph) characterized by epilepsy and a markedly enlarged 
brain. Results suggest that NgR down-regulation coincided with an upregulation of growth promoting proteins. We 
also found that carbamazepine (CBZ), a commonly used antiepileptic drug, counteracted  brain overgrowth in mceph/
mceph mice and reduced the number and size of neurons. CBZ normalized brain levels of mRNA encoding BDNF and 
several components of the Nogo signalling system, which were dramatically upregulated in untreated mceph/mceph 
brains. Paper V uses  in situ hybridization to map Lingo-1 gene activity patterns in adult human nervous tissues, as well 
as inthe developing and adult rat CNS. Lingo-1 mRNA expression was observed in most, but not all neurons of the 
brain, spinal cord and dorsal root ganglia in developing and adult rats as well as in human adult CNS. We found a good 
correlation between Lingo-1 mRNA expression and NgR mRNA expression. Paper VI focuses on the Nogo system in 
the aging rat brain. We examined the levels of mRNA encoding Nogo, OMgp, MAG, as well as the receptor compo-
nents NgR, Lingo-1 and Troy in cortex and hippocampus. There were no significant changes of receptor components 
or the ligands OMgp or MAG. However, Nogo mRNA was significantly, albeit modestly, decreased in hippocampal 
subregions of aged animals. The specific decrease of Nogo mRNA levels in hippocampus during aging may relate to 
age-dependent decline of brain plasticity. Paper VII is an attempt to determine the significance of activity-dependent 
NgR downregulation by generating transgenic mice with strong inducible NgR overexpression. The goal was to overex-
press NgR in forebrain neurons and test if this may decrease plastic changes in vivo. A tetracycline inducible system was 
employed. The hypothesis was that NgR over-expressing mice should have impaired learning abilities due to reduced 
synaptic plasticity. To date, we have generated 3 transgenic mouse lines (CamKIIpTRE/NgR) with inducible (tet-off) 
and specific overexpression of NgR in forebrain neurons as analyzed by in situ hybridization and western blot. Levels of 
Nogo, Lingo-1, Troy, p75 and BDNF mRNA are not altered and the endogenous NgR mRNA levels did not change to 
compensate for the overexpression. CamKIIpTRE/NgR have significantly fewer BrdU labeled cells in the dentate gyrus 
compared to controls. Behavior of NgR overexpressing mice is currently being investigated using open-field, passive 
avoidance and swim maze tests. Conclusions: The results contribute to the understanding of the Nogo signaling system 
in health and disease, focusing on the Nogo receptor components. The dramatic activity-related changes of neuronal 
levels of NgR and Lingo-1 transcripts suggest fundamental roles in synaptic plasticity. Our transgenic mouse model 
may become a helpful tool in determining the role of one of the receptor components, NgR, for such plasticity during 
development and in adulthood.  Increased knowledge about components of the Nogo receptor complex may also help 
the design of more effective means to improve regeneration in CNS. 
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Introduction

In contrast to the peripheral nervous system (PNS), where successful axonal regeneration is com-
monly seen, regeneration in the mammalian central nervous system (CNS) is generally very poor 
or absent (reviewed in Yiu and He, 2006). As neuronal development enters its final stages in the 
nervous system, axon growth becomes restricted. Perinatal lesions in CNS can be compensated 
for by some degree of spontaneous regeneration. However, postnatal and adult lesions are not 
repaired and axons do not regenerate, resulting in devastating and lasting functional deficits. The 
absence of axon regeneration in the CNS is not fully understood. Why do CNS and PNS axons 
differ in their regenerative abilities? Initially, it was thought that the failure of mature axons to 
regenerate was the result of a loss of inherent regenerative ability of adult CNS neurons. How-
ever, observations in 1911 by Tello suggested a possible involvement of the adult CNS environ-
ment (see Ramon y Cajal, 1928). After implanting a piece of denervated peripheral nerve into 
rabbit cortex, silver staining revealed that bundles of axons had entered the peripheral nerve graft 
and had grown along Schwann cell bands. Later and with novel methods, Aguayo and collabora-
tors (see Richardson et al., 1980; David and Aguayo, 1981; Benfey and Aguayo, 1982) were able 
to demonstrate that adult CNS neurons could indeed form long projections through peripheral 
nerve grafts. By grafting segments of peripheral nerve to the injured brain, spinal cord, and optic 
nerve and applying the tracer horseradish peroxidase, they could demonstrate that axons of CNS 
neurons can grow long distances through PNS tissue. The fact that the growing CNS neurons 
stopped soon after reentering the spinal cord with only a few fibers exiting the graft provided 
additional proof that it is the CNS environment rather than intraneuronal circumstances that 
curtail regenerative growth of CNS axons. Later work has shown that rerouting CNS axons exit-
ing a peripheral nerve bridge graft to grey rather than white matter (Cheng et al., 1996) or treat-
ment of the graft-CNS interface with chondroitinase (Houle et al., 2006) enable CNS axons in 
a nerve graft to reenter the CNS environment, leading to a degree of functional improvement in 
rodent models of spinal cord injury.

CNS versus PNS injuries

Astrocytes contribute to the formation and maintenance of the blood-brain barrier (Risau and 
Wolburg, 1990), which is important for protection and ion homeostasis (Bekar and Walz, 1999). 
Astrocytes are also involved in the production of the extracellular matrix (Liesi and Silver, 1988), 
neurotransmitter transport and metabolism (Westergaard et al., 1995) and a plethora of addi-
tional functions. Microglial cells are the phagocytic cells that remove cellular debris from sites of 
injury or as the result of normal cell turnover (Banati and Graeber, 1994). In the CNS, myelina-
tion is provided by oligodendrocytes (Bunge, 1968) while Schwann cells produce myelin in the 
PNS. After axonal injury in the PNS, myelin is rapidly cleared by macrophages as the axons 
degenerate. In contrast, following injury in CNS, myelin is cleared much more slowly, leaving 
demyelinated axons and the proximal stumps of cut axons exposed to myelin-associated inhibitors 
present in myelin fragments as well as in the intact surroundings (Filbin, 2003; He and Kopriv-
ica, 2004; Yiu and He, 2003). Reactive astrocytes form a glial “scar” at the lesion site and deposit 
extracellular matrix components, both of which serve as barriers to axon regrowth (Silver and 
Miller, 2004). The net effect of the cellular and extracellular changes in the immediate environ-
ment of severed CNS axons is an environment that does not permit cut axons to regenerate and 
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reestablish useful functional connections. The following description is an overview focusing on 
factors in the CNS that have been studied in the thesis.

Myelin-derived axon growth inhibitors

Schwab and other researchers have provided experimental evidence for the presence of neurite 
growth-inhibiting molecules within the CNS (reviewed in Schwab et al., 1993). The investiga-
tors performed elegant cell and tissue culture experiments to show how CNS myelin, but not 
PNS myelin, possesses potent neurite growth inhibitory activity (Schwab and Thoenen, 1985; 
Carbonetto et al., 1987; Crutcher, 1989; Khan et al., 1990; Sagot et al., 1991; Savio and Schwab, 
1989). Furthermore, co-cultures of neurons and glia demonstrated that when growth cones came 
in contact with oligodendrocytes they collapsed and were retracted, and thus that myelinated 
areas were strictly avoided by neurons (Caroni and Schwab, 1988; Bandtlow et al., 1990; Moor-
man, 1996).

Nogo

To further dissect and identify individual oligodendrocyte-derived molecules, Schwab and col-
leagues fractionated CNS myelin by sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE). By testing the ability to inhibit axonal extension they identified two gel-extracted 
proteins with different molecular weights (35kDa and 250kDa) having this dramatic effect on 
axon growth. These fractions were named NI35 and NI250. Thereafter, an anti-CNS myelin 
monoclonal antibody to NI250, termed IN-1, was isolated for its ability to neutralize myelin 
inhibition in vitro (Caroni and Schwab, 1988; Schnell and Schwab, 1990). The target of the IN-1 
antibody led Schwab’s group (Chen et al., 2000) and two other labs (Prinjha et al., 2000; Grand-
Pre et al., 2000) to the discovery of Nogo. Nogo is a member of the reticulon family of mem-
brane proteins, and three major transcripts Nogo-A (1,162 amino acid), -B (373 amino acid), and 
–C (199 amino acids) originate from this gene by alternative RNA splicing and promoter usage. 
Two domains of Nogo have been identified as inhibitors of neurite outgrowth, causing growth 
cone collapse in vitro. One is the amino terminal portion of Nogo-A (termed amino-Nogo), not 
shared by Nogo-B and Nogo-C (Oertle et al., 2003), and the second is a 66 amino acid sequence 
(Nogo-66) shared by all three isoforms (Chen et al., 2000; Prinjha et al., 2000; GrandPre et al., 
2000; Fournier et al., 2001; Oertle et al., 2003). Amino-Nogo and Nogo-66 show independent 
inhibitory activity (Fournier et al., 2001). While amino-Nogo causes inhibition of axonal growth 
as well as inhibition of fibroblast spreading in vitro, Nogo-66 causes inhibition of axonal exten-
sion but does not inhibit fibroblast spreading. Since Nogo-B and Nogo-C expression has not 
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been detected in oligondendrocytes, most studies have focused on Nogo-A. Nogo-A is highly 
expressed in CNS oligodendrocytes and also by central and peripheral neurons, while astrocytes 
and Schwann cells do not express Nogo-A (Josephson et al., 2001; Huber et al., 2002; Wang et 
al., 2002c). Transgenic mice in which Nogo A or Nogo-C is expressed by Schwann cells show 
delayed regeneration after sciatic nerve lesions, supporting a general inhibitory role for the Nogo-
66 domain that can partly override the nerve growth stimulatory milieu of an injured peripheral 
nerve (Pot et al., 2002; Kim et al., 2003a). 

Myelin-associated glucoprotein (MAG)

The first myelin protein to be identified as an inhibitor of axon outgrowth was MAG. MAG is 
a transmembrane protein that is expressed in both CNS and PNS (Lai et al., 1987; Salzer et al., 
1987). Interestingly, the effect of MAG in vitro appears to be bifunctional (DeBellard et al., 1996; 
Mukhopadhyay et al., 1994). It can either promote or inhibit neurite outgrowth depending on the 
age of the neurons. Application of MAG to embryonic neurons promotes outgrowth (DeBellard 
et al., 1996) indicating that the inhibitory activity of MAG in vitro is restricted to adult neurons. 
The in vivo inhibitory effect of MAG is less well understood. Since peripheral nerve myelin, where 
regeneration occurs, expresses MAG, it may not function as an inhibitor in vivo. However, analy-
sis of MAG knockout mice has shown that axon regeneration is improved in the PNS (Schafer 
et al., 1996). One explanation for the axon regeneration seen in PNS even though MAG expres-
sion is present might be that peripheral nerve myelin is cleared more efficiently by macrophages 
(reviewed in Hirata and Kawabuchi, 2002). The basal membrane surrounding peripheral myelin-
ated axons may also act to shield other axons from direct myelin contact in the PNS, while the 
lack of such a structure in CNS may increase contact between axons and axon growth inhibitory 
molecules. 

Oligodendrocyte myelin glycoprotein (OMgp)

Wang and colleagues identified OMgp as a myelin-associated inhibitor during a search for gly-
cophosphatidylinositol (GPI) -linked inhibitors in CNS myelin. OMgp causes growth cone col-
lapse and inhibits neurite outgrowth in vitro (Wang et al., 2002b; Barton et al., 2003b). OMgp 
contains a leucine-rich repeat (LRR) domain and is a GPI-anchored protein (Mikol et al., 1990) 
localized to the plasma membrane. Like Nogo, OMgp is also made by neurons (Habib et al., 
1998). A study by Huang and colleagues suggests that OMgp acts to prevent collateral sprouting 
since it is enriched in membranes of oligodendroglia-like processes that encircle nodes of Ranvier 
(Huang et al., 2005). Effects of OMgp in vivo have not yet been analyzed.

Additional inhibitors

In addition to the membrane linked growth inhibitors Nogo-A, MAG and OMgp, a host of other 
components and circumstances in the immediate surroundings of an injured axon contribute to 
the failure of meaningful spontaneous axon regeneration in the adult mammalian optic nerve, 
brain and spinal cord. 

Astrocyte-derived axon growth inhibitors - CSPG 

In response to injury, microglia, oligodendrocyte precursors, meningeal cells and astrocytes 
appear at the lesion site. Whereas some astrocytes might support regrowth (Faulkner et al., 2004), 
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many astrocytes become hypertrophic and adopt a reactive phenotype, depositing inhibitory extra-
cellular matrix molecules including chondroitin sulphate proteoglycans (CSPGs; McKeon et al., 
1991), which are rapidly up-regulated after injury, forming an inhibitory gradient that is highest at 
the center of the lesion. The mechanism by which CSPGs inhibit axon growth is not well under-
stood and may include a mechanical barrier function as well as more specific molecular interactions 
(Bovolenta and Fernaud-Espinosa, 2000). 

Ephrins and Fibroblast/meningeal cell-derived growth inhibitor – Semaphorin

Repulsive guidance cues found in CNS myelin, with roles in axon pathfinding during development, 
have also been implicated as inhibitors of axon repair in the adult. For instance, Ephrin B3 func-
tions as a midline repellent during corticospinal tract (CST) formation (Kullander et al., 2001) and 
continues to be expressed in myelinating oligodendrocytes (Benson et al., 2005). The transmem-
brane semaphorin Sema4D/CD100 is expressed by mature oligodendrocytes and can be induced 
by injury resulting in growth cone collapse (Moreau-Fauvarque et al., 2003). It appears that many 
guidance cues involved in formation of the nervous system, become down-regulated in adulthood, 
but some continue to be expressed in adulthood and others are reexpressed after injury and may 
exert axon growth inhibitory activity in CNS.

Axonal receptors for myelin-associated inhibitors

Nogo receptor (NgR)

The laboratory of Strittmatter has identified a GPI-linked axonal surface protein (NgR) that binds 
Nogo-66 with high affinity (Fournier et al., 2001). Although MAG and OMgp are structurally 
different from Nogo, it was later found that NgR binds all three myelin-associated inhibitors 
(Domeniconi et al., 2002; Liu et al., 2002; Wang et al., 2002b). NgR is expressed in multiple types 
of neurons (Josephson et al., 2002, 2003). The receptor is a 473 amino acid protein with a signaling 
sequence, followed by 8 leucine-rich repeat (LRR) domains, a LRR carboxy-terminal cystein-rich 
flanking domain, a unique region and a GPI anchorage site (reviewed in Strittmatter, 2002). The 
GPI linkage serves to anchor the protein to the outer surface of the cell membrane, where it can 
interact with its ligands. Strittmatter and colleagues analyzed small peptide fragments of Nogo-66 
and showed that, although residues 1-31 of Nogo-66 bind with high affinity to NgR, only a peptide 
containing residues 31-55 inhibits axon outgrowth. These observations led further to development 
of a competitive antagonist peptide, NEP1-40 (Nogo extracellular peptide, residues 1-40), which 
specifically blocks Nogo-66, but not the inhibitory activity of amino-Nogo or MAG, showing that 
Nogo-66 contains discrete binding and inhibitory domains. (GrandPre et al., 2002). Intrathecal 
(GrandPre et al., 2002) and delayed systemic application (Li and Strittmatter, 2003) of NEP1-40 
produced significant axon regrowth and enhanced locomotor recovery following spinal cord injury. 
In an animal model of stroke, administration of a function-blocking NgR fragment, sNgR310-
Fc, promoted both the recovery of motor skills and axonal plasticity without significantly reduc-
ing stroke lesion size (Lee et al., 2004). This indicates that reduction of NgR function after stroke 
allows increased anatomical plasticity and improved motor performance that are not assigned to 
neuroprotection.
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The role of the NgR as mediator of effects of myelin-associated inhibitors is not fully clarified. 
By the use of a growth cone collapse assay, Kim and colleagues showed that NgR-deficient neu-
rons had a reduced sensitivity to myelin-associated signals (Kim et al., 2004). However, Zheng 
and collaborators found that neurons lacking NgR still showed limited neurite outgrowth in the 
presence of myelin-associated inhibitors (Zheng et al., 2005). Together, these results indicate that 
there may be other receptor mechanisms operating independently of NgR. In CNS neurons two 
human homologues of NgR have been identified (NgR2 and NgR3) although neither of them 
binds to Nogo-66 (Barton et al., 2003a). 

Co-receptors of NgR

Since NgR lacks an intracellular domain, it is believed that NgR associates in lipid rafts with 
other transmembrane signal-transducing polypeptides (Brittis and Flanagan, 2001). Perhaps sur-
prisingly, the low-affinity neurotrophin receptor (P75NTR) was the first co-receptor of NgR to 
be identified (Wang et al., 2002a; Wong et al., 2002). Thus the p75 receptor has dual roles, being 
a ligand for either nerve growth factor (NGF) or serving as a co-receptor for Nogo-type inhibi-
tory ligands. So far, evidence suggest two classes of co-receptors to be involved in Nogo signal-
ing, because members of the tumor necrosis factor receptor (TNFR) family, such as p75NTR and 
Troy (Park et al., 2005; Shao et al., 2005), as well as Lingo-1 (Mi et al., 2004), appear to function 
as co-receptors for NgR. Interaction of myelin-associated inhibitors with either the p75NTR/
NgR/Lingo-1 or the Troy/NgR/Lingo-1 complex is thought to lead to activation of the small 
GTPase RhoA and eventual growth cone collapse (Yamashita and Tohyama, 2003; Park et al., 
2005; Shao et al., 2005).



Alexandra Trifunovski

�

Intracellular signaling and growth cone collapse

Axon growth inhibitory ligands induce collapse of growth cones via the Rho family of small 
GTPases (guanosine triphosphatase) signaling pathway (Tang, 2003). RhoA, Cdc42 and Rac1 
are the best characterized Rho family members and known as regulators of the actin cytoskel-
eton and modulators of growth cone motility (Maekawa et al., 1999; Luo, 2000). RhoA acts as a 
molecular switch being active when bound to guanosine triphosphatase (GTP) and inactive when 
bound to guanosine diphosphatase (GDP). In the growth cone, the serine-threonine kinase Rho-
kinase (ROCK) is probably the most important effector of RhoA (Bito et al., 2000). Yamashita 
and colleagues have shown that MAG activates RhoA by increasing the proportion of the protein 
bound to GTP (Yamashita et al., 2002). Data indicate that Nogo-66 and myelin use the same 
signaling pathway (Fournier et al., 2003; Niederost et al., 2002). Both in vitro and in vivo experi-
ments suggest that ROCK plays an important role in mediating myelin-induced inhibition via 
NgR (Niederost et al., 2002; Dergham et al., 2002). Furthermore, in a model of corticospinal 
tract lesions in the adult rat, inactivation of the Rho pathway can promote spinal cord repair 
(Dergham et al., 2002) and enhance axonal regeneration (Fournier et al., 2003).

The Nogo system and injury

Several observations have challenged the view that the prime role of Nogo would be to inhibit 
axon regeneration in the CNS upon injury, especially spinal cord injury. Thus Nogo mRNA is 
not elevated at the site of a spinal cord injury (Josephson et al., 2001; Huber et al., 2002; Hunt et 
al., 2003) and NgR mRNA levels are rather low in the adult spinal cord compared to other parts 
of the brain (Josephson et al., 2003; Hunt et al., 2002). Also, while NgR mRNA levels appear 
unaffected by spinal cord injury (Josephson et al., 2003; Wang et al., 2002c) we demonstrated 
that NgR mRNA levels are down-regulated in kainate-induced injury (Josephson et al., 2003). 
Secondly, three different laboratories have produced Nogo knockout mice with three different 
regeneration phenotypes (Zheng et al., 2003; Kim et al., 2003b; Simonen et al., 2003). Strittmat-
ter and colleagues analyzed Nogo-A/B mutant mice (Kim et al., 2003b). Nogo-A and –B expres-
sion is disrupted, whereas Nogo-C expression remains unaffected in this line. They found marked 
sprouting of corticospinal axons proximal to a spinal cord dorsal hemisection, although these 
effects were restricted to young mice. Schwab and collaborators generated a Nogo-A-deficient 
mouse-line (Simonen et al., 2003) and detected a compensatory increase in Nogo-B. Two weeks 
after dorsal hemisection, Nogo-A knockout mice had more corticospinal tract fibers growing 
toward and into the lesion compared to wildtype mice. These data are significant, although more 
modest than those reported by Strittmatter’s group. The more modest regenerative effects may 
be explained by the up-regulation of Nogo-B, which contains the Nogo-66 inhibitory domain. 
In addition, Zheng and collaborators (Zheng et al., 2003) analyzed two Nogo knockout strains, 
one Nogo-A/B mutant, which did not affect Nogo-C, and one Nogo-A/B/C mutant. They report 
that following dorsal hemisections, tracing of corticospinal tract fibers did not reveal any obvi-
ous regeneration or sprouting of these fibers in either strain, suggesting that elimination of Nogo 
alone is not sufficient to induce axon regeneration. In addition, p75NTR-deficient mice were not 
better than wildtype mice following spinal cord injury (Song et al., 2004). Functional redun-
dancy of p75NTR and TROY and/or the limited expression of p75 in the CNS might possibly 
explain the lack of improved regeneration after spinal cord injury in p75NTR knockout mice. 
Whether TROY-deficient mice will display enhanced regeneration is now an interesting question, 
given the more abundant expression of Troy. However, since p75NTR is widely up-regulated after 
injury, p75 might possibly replace TROY in some neuron systems of injured Troy knockout mice. 
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This issue will no doubt soon be addressed by the generation of TROY/p75 double knockout mice. 
An important question that still remains is the importance of the Nogo system in tissues outside 
the general context of spinal cord injury.

The Nogo system and neuropathologic conditions

Nogo has been implicated in neuropathologic conditions that are not due to physical injury. An 
elevation in Nogo transcript and protein levels was shown in a transgenic amyotrophic lateral 
sclerosis (ALS) mouse model (Dupuis et al., 2002). The investigators observed that the lumbar 
spinal cord and gastrocnemius muscle displayed altered expression patterns of Nogo. These find-
ings were confirmed by similar results in postmortem and biopsy samples from diagnosed ALS 
patients. In patients with temporal lobe epilepsy (TLE), Bandtlow and collaborators (Bandtlow 
et al., 2004) noted that Nogo mRNA and protein were strikingly up-regulated in most neurons 
in hippocampus. Moreover, Nogo seems to have a direct role in the disease pathology of autoim-
mune-mediated demyelination (Karnezis et al., 2004). Using mice with experimental autoim-
mune encephalomyelitis (EAE) as an animal model of multiple sclerosis (MS), immunization 
with peptides corresponding to the Nogo-A specific exon 3 region, investigators observed attenu-
ated clinical symptoms, demyelination, and axonal damage. These results are in line with the 
observations that antibodies to Nogo-A have been detected in serum and cerebrospinal fluid from 
MS patients (Reindl et al., 2003). Furthermore, Novak and collaborators (Novak et al., 2002) 
have provided evidence that Nogo levels are elevated in cortex cerebri of schizophrenic patients, 
while Strittmatter and colleagues have indicated a possible role of the Nogo system in Alzheimer’s 
disease (Strittmatter, 2002; Park et al., 2006). Nie and collaborators (Nie et al., 2003) have also 
shown that in the paranodal region of axons, Nogo seems to interact with the adhesion molecule 
Caspr/paranodin (Peles et al., 1997) and indirectly with Caspr-associated potassium (K+) chan-
nels (Bhat et al., 2001). 

Structural plasticity and inhibitors 

What is the normal physiological role of Nogo and other myelin-associated components? The 
functions of Nogo, MAG, OMgp and its receptors likely extend beyond axon outgrowth inhi-
bition. Data indicate that MAG and p75NTR regulate aspects of myelination in vivo (Li et al., 
1994; Montag et al., 1994; Cosgaya et al., 2002). Moreover, Nogo and NgR are expressed during 
synaptogenesis and NgR is found at synaptic sites (Wang et al., 2002c). There are also indications 
that these proteins may function to restrict axonal plasticity and prevent excessive sprouting and 
formation of aberrant connections in the intact adult CNS. If so, antagonism of the Nogo system 
should lead to increased axonal sprouting, growth and branching in the uninjured nervous sys-
tem. This notion has been supported by experiments with IN-1 and with anti-Nogo (Thallmair 
et al., 1998; Buffo et al., 2000).

During a postnatal critical period, monocular deprivation leads to a shift in ocular dominance in 
the visual cortex, which does not occur in adults (Wiesel and Hubel, 1963a, b). Strikingly, both 
genetic deletion of NgR (McGee et al., 2005) and infusion of Chondroitinase-ABC (ChABC) 
into the visual cortex (Pizzorusso et al., 2002) provide evidence that ocular dominance shift plas-
ticity can occur in the adult visual cortex by removal of growth inhibitors in the neuropil. These 
results suggest that a greater degree of local remodeling in the adult CNS would be generally 
allowed upon removal of components such as CSPGs and/or myelin inhibitors. This idea is sup-
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ported by the enhanced short-range plasticity and stroke recovery noted in the absence of Nogo 
or NgR expression (Lee et al., 2004). In addition, Huang and colleagues (Huang et al., 2005) 
demonstrated increased sprouting at nodes of Ranvier in OMgp-deficient mice. Furthermore, 
data indicate improved collateral sprouting following ChABC treatment after denervation of the 
superior colliculus (Tropea et al., 2003) or spinal cord injury (Massey et al., 2006). In summary, 
in higher vertebrates different astrocyte- and oligodendrocyte-derived inhibitors seem to promote 
stabilization of the mature neural circuitry.

The Nogo system and hippocampal formation

A challenging question raised by our laboratory (Josephson et al., 2002, 2003) is why messenger 
RNA (mRNA) for both the Nogo receptor and one of its ligands, Nogo, are highly expressed in 
the brain and spinal cord during development and in regions with high plasticity such as the hip-
pocampus in the adult. The hippocampal formation is of key importance in memory. It is there-
fore tempting to speculate that the Nogo system might be important for memory and learning. 
One possibility is that the Nogo system is involved in the formation of nerve fiber connections. 
Selective perturbation of the Nogo or the NgR gene will provide more insight into further pos-
sible roles of the Nogo protein. Understanding the function of Nogo could possibly lead to the 
development of tools for improving the regeneration of nerve fibers over long distances in the 
central nervous system. Clearly, the widespread distribution of Nogo and the specific and devel-
opmentally regulated patterns of NgR presence suggest that the full functional repertoire of the 
Nogo system remains to be discovered.

Dynamic change of the actin cytoskeleton (Matus et al., 2000) is required for life-long synaptic 
plasticity and reorganization. It is a central hypothesis of this thesis that the Nogo signaling sys-
tem, and in particular the NgR, plays a key role in controlling when and where structural remod-
eling is allowed in the neuropil, and when it is not. We suggest activated neurons down-regulate 
cell adhesion molecules such as neural cell adhesion molecule (NCAM), to allow axon terminals 
to become detached, down-regulate NgR to become temporarily insensitive to Nogo and that this 
allows a degree of synaptic reorganisation in response to increased local gradients of attractive 
and repulsive molecules. Thus the Nogo signaling system may be involved in synaptic plasticity, 
learning and memory. The Nogo system may serve to restrict structural plasticity and suppress 
synapse remodeling in the CNS under basic conditions. Simultaneous presence of Nogo and its 
receptor in neurons may confer a locked state to hippocampal and cortical microcircuitry. If so, 
one or both must be effectively and temporally down-regulated to permit structural changes nec-
essary for the formation of very long-term memory. 
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Aims

The aims of the present thesis were to advance understanding of the Nogo signaling system in 
health and disease, focusing on gene activity regulation and behavioral sequelae of NgR overex-
pression. Specifically, the aims were to:

Map the cellular activity patterns of the NgR gene and its co-receptor Lingo-1 
in rodents and humans using in situ hybridization.

Investigate if the high NgR and Lingo-1 mRNA expression seen in brain areas 
endowed with a high degree of plasticity were regulated by neuronal activity.

Study the cellular expression of myelin-associated inhibitors such as Nogo, 
MAG and OMgp and components of the NgR complex NgR, Lingo-1 and 
Troy in the aging brain.

Study the cellular expression patterns of components of the Nogo signaling 
system and brain-derived neurotrophic factor (BDNF) and the effects of 
carbamazepine treatment in a mouse megencephaly model associated with 
epilepsy. 

Develop and characterize mice with inducible forebrain-directed NgR 
overexpression using in situ hybridization and behavior tests. 

Examine the possible role of NgR regulation in the formation of very long-term 
memories, by using characterized mice with inducible NgR overexpression in 
different behavior tests.
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Materials and Methods

The materials and methods used are summarized below. For more detailed descriptions, see the 
methods sections of the individual papers and manuscripts (Papers I-VII)

Animals

In paper I, C57B6 mice were used; tissues from fetal, early postnatal and adult mice were included. 
Female Sprague-Dawley rats (B&K Universal, Sweden) were used in Papers II, III and V. Tissues 
from early postnatal and adult rats were included. In paper II, male spontaneously hypertensive 
rats (SHR) were also used. In paper IV, mutated BALB/cByJ-Kv1.1mceph/mceph and BALB/cByJ-
Kv1.1+/+ mice (originally purchased from The Jackson Laboratory, Bar Harbor, ME) were used. 
In paper VI, male Fisher 344 rats were used. In paper VII, we used the CamKII-tTAtransgenic 
mice (The Jackson Laboratory). We also cloned a PCR fragment of the mouse Nogo receptor with 
flanking HindII-XBA1 sites into the multiple cloning site of the pTRE2 vector (BD Biosciences 
Clontech) and microinjected into pronuclei of fertilized mouse eggs from C57BL6 (MouseCamp, 
Stockholm, Sweden) were performed to obtain CamKII-tTA /pTRE-NgR mice with a tissue-spe-
cific inducible overexpression of NgR. Animals were kept under standardized light, temperature 
and humidity and given food and water ad libitum. Experiments had been approved by the Ethi-
cal Committee of Northern Stockholm (Stockholms Norra Försökdjursetiska Kommitté). 

Antiepileptic drug (AED) treatment (Paper V)

Carbamazepine (Sigma-Aldrich, St Louis, MO) was incorporated in pellets (3,5 g/kg) and given 
orally to BALB/cByJ-Kv1.1mceph/mceph and BALB/cByJ-Kv1.1+/+ mice from postnatal week 5 until 12 
weeks of age. 

Doxycycline treatment (Paper VII)

Doxycycline (Sigma-Aldrich, St Louis, MO) was given in water (100 µg/ml) to turn off transgene 
expression in mice carrying both the CamKII-tTA and the pTRE-NgR transgenes as well as in 
monotransgenic controls and normal animals.

Human material

Procurement of human fetal tissues (Paper I)

Fetal tissues were collected following routine abortions and with written consent from the women 
seeking abortion and the approval of the Ethics Committee of the University of Bern as described 
earlier (Josephson et al., 2001). Tissues were collected from three fetuses aged 9 weeks post-con-
ception. The tissues were prepared at room temperature in Gey’s balanced salt solution (Gibco) 
under microscopic guidance. Tissue blocks were frozen in isopentane at –70°C and stored at 
–80°C until further processing. 

Procurement of human adult tissue (I and V)

Human brain tissue was provided by the Harvard Brain Tissue Resource Center.
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Spinal cord tissue was obtained at the Karolinska Hospital in Stockholm in connection with 
organ donations as described by Josephson and collaborators (Josephson et al., 2001). The tissue 
was collected with the informed consent of the relatives of organ donors and the approval of the 
Ethics Committee of the Karolinska Hospital, Stockholm. After collection of internal organs for 
transplantation purposes, the 10th, 11th and 12th thoracic vertebral bodies were removed using 
a ventral approach and the dorsal root ganglia Th11, Th12 and L1 exposed. The identification of 
the level of the vertebral body was based on its relation to the 12th rib. Following the respective 
nerve roots, a spinal cord segment between Th11 and L1 was excised with the dorsal root ganglia 
Th11 and Th12 attached. Specimens were obtained from two adult female (age 19 and 54 years 
old) human organ donors. The spinal cord pieces were then transversely sectioned into slices, 
immediately frozen on dry ice and stored at -80°C.

Surgery

Weight-drop injury of the spinal cord (Papers II and V)

One of the most clinically relevant experimental models of spinal cord injury in rodents is the 
standardized contusion injury caused by a weight-drop injury device, the NYU impactor (Gruner, 
1992). This device reproducibly causes graded lesions, typically with a peripheral lateroventral rim 
of spared white matter. 

Kainic acid administration (Papers II and III)

To investigate the hypothesis that neurons regulate Nogo receptor expression, we administered 
the non-NMDA (N-methyl-D-aspartate) receptor agonist kainic acid. This drug induces sei-
zures as the result of enhanced synaptic transmission, leading also to neuronal death and axonal 
sprouting accompanied by permanent functional alterations in hippocampal circuits (Sperk et 
al., 1985). Kainic acid (10 mg/kg) was administered i.p. and animals sacrificed 2, 4 and 24 hours 
and 3 and 7 days later by decapitation. All animals were observed for development of seizures; 
only those kainic acid-injected animals that developed grade V seizures, as defined by repeated 
incidences of rising on the hindlimbs and falling over (Sperk et al., 1985), were included in the 
study. Control animals had no such symptoms. Brains and spinal cords were frozen on dry ice 
and stored at –80° until further processing.

Intracranial injections (Paper III)

Since BDNF is up-regulated by increased neuronal activity in specific brain areas where NgR is 
down-regulated, we speculated that NgR could be down-regulated by local increase of BDNF. 
Rats were placed in a stereotaxic frame (Kopf) and implanted with bilateral cannulae directed at 
the dorsal hippocampus. Each animal was then given intrahippocampal BDNF or bovine serum 
albumin (BSA) injections and sacrificed after 4 and 24 hours.
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Behavioral experiments

Wheel running (Papers II and III)

In order to study if the Nogo signaling system is regulated during learning of a motor task, we 
allowed SHR rats to establish a running behavior known to up-regulate BDNF levels in hippo-
campus. The SHR strain was used because these rats develop a robust running behavior (Shyu et 
al., 1984). Rats were placed in individual cages with either unlimited access or no access to run-
ning wheels. A computer recorded the running behavior of each animal and animals were sacri-
ficed after 24 h, 3 days, 7 days, and 21 days. 

Locomotor activity (Paper VII)

To study locomotor activity and explorative behavior we use a computerized multicage system 
that uses infrared motion detection. Prior to testing, animals were allowed to habituate to the 
room. After 30-45 minutes each animal was placed individually in a locomotor cage where hori-
zontal (locomotion and motility) movements are detected by photosensors placed in the floor of 
the locomotion box. Locomotion and motility countsLocomotion and motility counts are summed every five minutes and sponta-
neous and drug-induced (e.g. amphetamine) locomotor activity is recorded. We carried out these 
experiments to determine if NgR overexpression during development or in adulthood influences 
such motor activities.

Step-through passive avoidance (Paper VII) 

Passive avoidance (PA) is defined as an emotional memory task, which is hippocampus- and 
amygdala-dependent (LeDoux, 1993; Stiedl et al., 2000). It is used as a one-trial learning task 
and the test procedure makes use of the natural tendency of rodents to explore new environments 
and to avoid bright areas. During training on day 1, entrance to a dark compartment is associ-
ated with an electrical current (0,2 ampere), which works as the unconditioned stimulus. On the 
second day, 24 hours later, memory is investigated in a retention test where the animal is again 
placed in the light compartment and the latency, “retention latency”, to enter the dark compart-
ment is recorded. We also tested retention latency after longer times, up to 4 weeks, to test very 
long-term memory. We conducted these experiments to determine if very long-term, possibly life-
long memory was impaired in mice unable to down-regulate the NgR.

Magnetic Resonance Imaging

For the MRI experiments, mice were anesthetized with 1.5-2.0% isoflurane via a face mask. The 
mouse was kept in supine position on a customized rig and the head was fixed using a tooth bar 
and adhesive tape. The body temperature was maintained between 36 and 37°C using a con-
trolled warm air system. MRI was performed using a 4.7-T magnet with a 40-mm horizontal bore 
(Bruker Biospec Avance 47/40, Bruker, Karlsruhe, Germany). The magnet was equipped with aKarlsruhe, Germany). The magnet was equipped with a). The magnet was equipped with a 
12-cm inner diameter self-shielded gradient system (max. gradient strength 200 mT/m). A bird-
cage volume coil (Bruker) with an inner diameter of 24 mm was used for excitation and signal 
detection. An inversion recovery (IR) spin echo sequence with rapid acquisition with relaxation 
enhancement imaging (RARE; Hennig et al., 1986) was employed to obtain 2D and 3D images 
of the mouse brain. The following parameters were used for image acquisition: Repetition time 
(TR) 2566.8 ms, echo time (TE) 35.6 ms, RARE-factor 8, inversion time 450 ms, matrix sizeRARE-factor 8, inversion time 450 ms, matrix sizefactor 8, inversion time 450 ms, matrix size 
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64 x 64 x 128, field of view (FOV) 0.90 x 1.20 x 1.80 cm, 2 averages. The 3D-MR images were 
analyzed using Amira 3.0 software (Mercury Computer Systems, Berlin, Germany). To ensure 
accuracy, the borders of the brain and hippocampus were drawn and checked in three orthogonal 
planes. The total brain volume was reconstructed and included the olfactory bulb as well as parts 
of the medulla. The border between medulla and spinal cord was defined as a line at the most 
caudal point of the cerebellum. Measurements of ventral cortex area were performed in coronal 
sections centered approximately 2.2 mm posterior to Bregma as outlined by Diez and collabo-
rators (Diez et al., 2003) using Paravision 3.0.2 (Bruker). Briefly, The rhinal fissure of the coro-
nal section was defined as dorsal boundary of the ventral cortex and the dark fimbria as medial 
boundary. 

Statistical analysis

Size measurements of brain structures using 3D-MRI were compared using two-tailed non-
paired t-tests and Bonferroni correction (STATA version 8.2, Stata Corporation, College Station, 
TX). Inter-rater reliability was assessed by calculating r between measurements of two investiga-
tors as described previously (Diez et al., 2003). For analysis of mRNA expression levels and areas 
of CA3 and neurons within CA3, statistical differences among groups were determined using 
analyses of variance (ANOVA) and Tukey’s multiple comparison test (GraphPad Prisma version 
4.0, GraphPad Software Inc, San Diego, CA). When only two groups were compared in BrdU-, 
weight- and PA-experiments, a two-tailed t-test (i.e. Mann-Whitney) was used. A probability level 
of p<0.05 was considered statistically significant.

Histological techniques

Tissue preparation

Animals were decapitated and brains and spinal cords removed and rapidly frozen on dry ice. For 
immunohistochemistry, animals were perfused via the ascending aorta with Tyrode containing 
heparin, followed by 4% paraformaldehyde with 0.14% picric acid. After dissection, brains were 
left for postfixation for one hour, and thereafter rinsed in 10% sucrose. Brains were frozen and 
stored at –80˚C. 

In situ hybridization (Papers I, II, III, IV, V, VI and VII)

In situ hybridization was used to detect mRNA in cells. For cryostat sectioning, frozen tissue 
blocks were embedded (Tissue-Tek, Sakura Finetek USA Inc., Torrance, CA) and 14-µm sections 
thawed onto slides (ProbeOn, Fisher Biotech, Pittsburgh, USA). High stringency in situ hybrid-
ization was performed (Dagerlind et al., 1992; Josephson et al., 2001). In situ hybridization pro-
tocols were designed for use with complementary radiolabeled DNA oligoprobes optimized for 
the detection of mRNAs in fetal and adult rodent and human tissues. 

Autoradiography (Papers I, II, III, IV, V, VI and VII)

Optical density values from in situ hybridizations were quantified using appropriate software 
(NIH-image analysis program, version 1.62 and ImageJ 1.32). To determine amounts of 33S-
labeled mRNA, a 14C step standard (Amersham) was included to calibrate optical density read-
ings on the film and convert these values to the corresponding nCi/g values. Measurements of 
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optical density on film autoradiograms were performed in hippocampus (CA1, CA3 and dentate 
gyrus), cortex and amygdala.

CA� size measurements (Paper IV)

The cross-sectional area of neurons within CA3 and the area of CA3 itself were measured in digi-
tal images (Zeiss AxioCam and AxioVision software) of three months old mceph/mceph and wild-
type mice without and after CBZ treatment. Measurements of 150 cells per slide and animal were 
taken from both right and left hemispheres in CA3 region. Likewise, measurements of CA3 area 
were taken from each hemisphere and the average area for each mouse was used. 

BrdU labeling (Paper VII)

The thymidine analog 5-bromo-2-deoxyuridine (BrdU), which is incorporated during the S-
phase of DNA synthesis, was administered to detect effects of NgR overexpression on survival 
of newly formed cells. In these experiments mice received BrdU (100 mg/kg, i.p., n=10/group) 
three times during a period of  48 hours. The animals were sacrificed 14 d after the first BrdU 
injection. Serial coronal 30-µm sections through the entire hippocampus were cut on a cryostat. 
Every tenth section was processed for BrdU immunohistochemistry. Sections were post-fixed in 
4% formaldehyde in PBS for 10 min, rinsed in PBS followed by incubation in 2 M HCl for 30 
min at 37˚C to increase exposure of BrdU epitopes. After washing in PBS, sections were blocked 
in a blocking solution (10% goat serum in 0.1% Tween in PBS) for 60 min at room temperature. 
Sections were then incubated overnight at 4°C with the primary antibody against BrdU (rat anti- with the primary antibody against BrdU (rat anti-
BrdU, Harlan Seralab, Leics, UK, 1:100) diluted in the blocking solution, followed by 3 x 15 
min 0.1% Tween PBS rinses. Sections were next incubated with biotinylated goat anti-rat biotin 
(Vector Laboratories, Burlingame, CA, USA, 1:200) in the blocking solution for 60 min at room 
temperature. After another series of rinses (0.1% Tween PBS, 45 minutes), avidin-biotin (Vector 
Laboratories) was applied for 40 min followed by rinses in PBS alone for 1 h, and visualization 
using 3,3k-diaminobenzidine (DAB) (Sigma). Sections were counterstained with hematoxylin 
(Vector Laboratories) and mounted.

Stereology (Paper VII)

The ‘optical fractionator’ was used to count BrdU immunoreactive cells in the dentate gyrus 
(West and Gundersen, 1990). Briefly, every tenth section was systematically sampled [section 
sampling fraction (s.s.f.)=1/10] after randomly selecting the first section within the first interval. 
An unbiased counting frame with known area was superimposed on the field of view by appro-
priate software (Stereologer™, SPA Inc., VA, USA). Counting frames are then systematically dis-
tributed with known x and y steps throughout the marked region from a random starting point. 
The area of the counting frame relative to the area associated with the x and y steps gives the 
second fraction [area sampling fraction (a.s.f.)]. The height of the optical dissector relative to the 
thickness of the section results in the third fraction [height (h)/thickness (h)]. The total num-
ber of neurons is given by the optical fractionator formula: Ntotal= ∑Q - • t/h • 1/a.s.f. • 1/s.s.f., 
where ∑Q- is the number of neurons counted in the dissectors. Optical fractionator estimates 
are free of assumptions about cellular shape and size and are unaffected by tissue shrinkage. The 
dentate gyrus including an area exceeding the subgranular zone by two cell diameters and an 
area exceeding the molecular layer by one cell diameter were manually outlined using a 10x lens. 



On Nogo Signaling Regulation

1�

Cell counts were performed with a 60x lens. Values are means from counts in both hemispheres 
(n=10 animals).

Western blot (Paper VII)

Adult mouse tissues were dissected and sonicated in 200-500 µl of 1% sodium dodecylsulfate. 
Aliquots (100 µl) of the homogenate were used for protein content determination with BCA 
(bicinchoninic acid, Pierce Europe). Equal amounts of protein (60 µg) from each sample were 
loaded onto 10% polyacrylamide gels, separated by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis and transferred to polyvinylidine difluoride membranes (Amersham Pharmacia 
Biothech, Uppsala, Sweden). The membranes were immunoblotted using an affinity-purified 
polyclonal antibody that selectively detects goat anti-mouse NgR (R&D Systems, UK). Anti-
body binding was revealed by incubation with affinity-purified anti-goat IgG diluted 1:10 000 
(Rockland, Gilbertsville, PA).

Real-time PCR (Paper II)

For determining the presence or absence of a specific sequence a real-time polymerase chain reac-
tion (PCR) was performed (TaqMan). We measured the relative expression of NgR mRNA in rat 
cortex, spinal cord and DRG in P1 and P7 animals. Three samples of cortex and seven samples 
of spinal cord from P1 and P7 animals each were investigated. For the analysis of DRG, 15 dor-
sal root ganglia from different animals were pooled in each sample. One sample of DRG at P1 
and two samples of DRG at P7 were investigated. In every sample measurements were done in 
triplicate and sample averages used for statistical evaluation. For the assay, ß-Actin was chosen as 
the most appropriate endogenous control. The target gene and the endogenous control must have 
the same amplification efficiency to be able to calculate the relative mRNA levels with the ∆Ct-
method (Applied Biosystems, User Bulletin #2). This was confirmed by subtracting the Ct values 
from the dilution series of the target gene.
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Results and Discussion

The results of Papers I–VI are summarized below. For detailed descriptions, see appended publi-
cations and manuscripts.

Expression of NgR in mice and humans (Paper I)

The identification of Nogo and a Nogo receptor (NgR) (Chen et al., 2000; Prinjha et al., 2000; 
GrandPre et al., 2000; Fournier et al., 2001) represents important advances in understanding 
axon inhibition by CNS myelin components. To further the understanding of the physiological 
roles of the Nogo system, we have mapped the expression of the NgR gene using in situ hybrid-
ization in human and rodent tissues. 

We found that the NgR is expressed in nerve cells of the developing nervous system in both 
humans and mice. Expression is prominent in brain regions such as hippocampus, endowed with 
a high degree of plasticity in the adult mouse and human. Specifically, NgR mRNA expression 
was detected in developing neurons in the forebrain, brainstem, trigeminal ganglion, spinal cord, 
and DRG at all investigated prenatal stages of mouse development (E14–E18). In the adult mouse, 
NgR mRNA was found in high amounts in nerve cells in several brain areas including cerebral 
cortex, hippocampus, thalamus, piriform cortex, amygdala, the mitral cell layer of the olfactory 
bulb and the granular cell layer of cerebellum. Fournier et al. (2001) reported NgR signals in 
neurons in cortex, hippocampus, pons and in Purkinje cells in cerebellum. While we confirmed 
the presence of NgR in cortex, hippocampus and pons, we did not find Purkinje neurons to be 
positive. This difference might be due to the use of different probes or other methodological dif-
ferences, but a safe conclusion appears to be that Purkinje neurons have less (if any) NgR mRNA 
than many other neuron types. NgR was not found in the adult mouse striatum, white matter of 
the brain, the medial septal nucleus, the spinal cord or in investigated peripheral organs.

We also analyzed fetal and adult human tissue obtained from organ donors. Fetal human tissue 
revealed prominent NgR expression in the ventral half of the spinal cord and a lower expression 
in the dorsal spinal cord. Dorsal root ganglion cells also expressed NgR mRNA. In adult human 
tissue, we found that cortical layers III and V were positive for NgR mRNA. In addition, NgR 
mRNA was detected in human dentate hilar cells, the granular layer of the dentate gyrus and 
in the amygdaloid nuclear complex. Furthermore, we observed that NgR mRNA was absent in 
both white and gray matter of the adult human spinal cord. This was therefore in contrast to the 
widespread occurrence of NgR mRNA in the developing human spinal cord. This could indi-
cate that during development, the Nogo-NgR system may act to control and direct nerve fibre 
outgrowth.

In human DRG we found that only a subset of the ganglion cells (20-25%) consisting of large and 
medium-sized neurons expressed the receptor. Small DRG neurons did not express NgR mRNA. 
The observation that a large majority of adult sensory nerve cells do not express NgR may explain 
why they, when transplanted to the white matter of the brain or spinal cord, can extend long 
nerve fibers. Without NgR, they would not be inhibited by the presence of Nogo in white matter. 
Pyramidal nerve cells of the cerebral cortex, on the other hand, express the receptor, and there-
fore their nerve fibers, many of which run down into spinal cord to control voluntary movement, 
would not be able to regenerate in white matter after spinal cord injury. 
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Possible ways in which Nogo/MAG/OMgp inhibition of nerve growth might be neutralized 

In the present work we have demonstrated widespread expression of NgR mRNA in neurons and 
shown how rapid down-regulation of NgR mRNA occurs in neurons in situations associated with 
plasticity and the presumed formation of new memories. For this to affect plasticity one has to 
assume that the down-regulation of mRNA is coupled to a decrease of NgR protein. However, 
this is only one of many ways in which nerve-growth inhibitory signaling could be temporarily 
overcome, several other regulatory possibilities must be considered: 

(1) Membrane trafficking: It is conceivable that the NgR (and associated molecules in the lipid raft) 
could be brought to and from the axon membrane by mechanisms similar to those proposed for 
e.g. neurotransmitter receptors (reviewed in Huang and Reichardt, 2003). 

(2) Receptor shedding. Secretases acting at different levels could lead to detachment of NgR and/
or other receptor components (Ahmed et al., 2006) acting as decoy binding sites for Nogo-type 
ligands. 

(3) Receptor-receptor interactions. Emerging evidence in the neurotransmitter field suggests that 
interactions between adjacent receptor complexes, and topical rearrangements may determine 
receptor availability and sensitivity (reviewed in Agnati et al., 1995). 

(4) Downstream regulatory events. The mechanisms by which Nogo-66 binding to NgR leads to 
growth cone collapse involves RhoA and several additional steps that finally influence actin fila-
ment organization and function. While these steps offer several additional ways in which a neuron 
may regulate its sensitivity to Nogo, such regulation would be less specific, if other receptor-medi-
ated effects (e.g. from the epidermal growth factor (EGF)-receptor) converge or partially converge 
on the same intracellular pathway. 

(5) Modulation of ligand availability. We have found the NgR gene to be much more prone to 
down-regulation by neuronal activity than its ligand Nogo (and, although less studied, possibly 
MAG and OMgp). Nevertheless, Nogo, particularly Nogo expressed by neurons (rather than 
Nogo expressed by glial cells) might be regulated in terms of synthesis, availability in the cell 
membrane and by various protein degrading enzymes, much like as suggested above for NgR. 

Regulation of Nogo receptor expression (Paper II)

To further examine developmental regulation of NgR we used detailed in situ hybridization and 
real-time PCR (TaqMan) to locate and quantify NgR mRNA. We found the NgR gene  to be 
developmentally regulated. NgR mRNA expression in the rat spinal cord and DRG was down-
regulated after/during the first postnatal week.

An interesting finding was that in the adult CNS, Nogo-A and NgR mRNA expressions are con-
fined to neurons in brain areas with high plasticity such as hippocampus. The formation of long-
term memories presumably involves synaptic rearrangements as dictated by neuronal activity in 
hippocampus and cortex cerebri (Bliss and Collingridge, 1993; Engert and Bonhoeffer, 1999). 
We speculated that the Nogo system could be involved in regulating such structural change and 
asked if neural activity regulated the transcription of Nogo-A or NgR. To test this we subjected 
rats to kainic acid (KA), an excitoxin and non-NMDA receptor agonist that induces strong neu-
ronal activity resulting in seizures and also axonal sprouting in hippocampus. We found that KA 
transiently down-regulated NgR mRNA levels in the dentate gyrus, hippocampus and neocor-
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tex. We did not detect any regulation of Nogo mRNA. Up-regulation of BDNF mRNA in the 
brain in response to epileptogenic treatments is known (Schmidt-Kastner et al., 1996; Zafra et 
al., 1990). Therefore we also compared the regulation of NgR mRNA with that of BDNF mRNA 
and observed a strong negative temporal correlation between levels of BDNF and NgR mRNA 
in measured brain regions. The brain region in which the first and most dramatic NgR down-
regulation and BDNF up-regulation was noted was the dentate gyrus. While KA administration 
can lead to death of hippocampal pyramidal cells, granule cells of the dentate gyrus are spared 
(Ben-Ari, 1985). Instead, the dentate granule cells undergo sprouting and synaptic reorganization 
(Tauck and Nadler, 1985; Cronin and Dudek, 1988). Our findings are thus in line with the idea 
that the Nogo signaling system might have a role in structural rearrangements at the synaptic 
level in the neuropil.

To analyze possible effects of changes of neuronal activity on NgR mRNA levels under physi-
ological conditions, we allowed male rats of the spontaneously hypertensive rat (SHR) strain to 
establish a running behavior known to upregulate BDNF levels in hippocampus (Widenfalk et 
al., 1999). The SHR strain was chosen because it is known to develop a robust running behavior 
(Shyu et al., 1984). Strikingly, we were able to detect that establishment of a running behavior 
involves a period of NgR mRNA down-regulation in hippocampus and cortex. NgR mRNA was 
down-regulated after 3 and 7 days of running, whereas at 21 days levels were back to normal 
despite the continued use of the running wheels. We hypothesize that a 3–7 day interval, a period 
when rats intensify running, is also when they establish robust learning of this motor behavior 
and become habituated to daily running.

To study regulation of NgR mRNA in response to injury, we induced spinal cord trauma in adult 
rats and analyzed the expression of NgR mRNA at different time points using in situ hybridiza-
tion. We failed to detect any changes in the expression levels in the spinal cord itself following 
weight-drop injury. This does not exclude that regulation of NgR mRNA levels might occur in 
different areas of the brain in response to spinal cord injury.

In conclusion, both chemically induced increase of neuronal activity (administration of KA) and 
behaviorally induced neuronal activity under physiological conditions (establishment of a run-
ning behavior) involves a period of NgR mRNA down-regulation in cortex and hippocampus. At 
the same time and in the same brain regions we confirmed BDNF up-regulation. This suggests 
that the full functional reportoire of the Nogo system remains to be discovered and that the Nogo 
signaling system might function beyond axon growth inhibition in white matter.

We suggest one such role for the Nogo system to be to regulate plasticity and learning. Perhaps 
the activity-induced NgR mRNA changes occur in synchrony with the well-known changes of 
BDNF during these events and also in synchrony with changes of other neurotrophic factors and 
receptors. We hypothesized that high levels of Nogo and its receptor in neurons would lock hip-
pocampal and cortical networks and that Nogo and/or its receptor must be temporally down-
regulated to permit plastic structural changes as needed for the formation of long-term memory. 
Down-regulation of cell adhesion molecules such as NCAM in situations of plastic changes have 
been shown (reviewed in Martin and Kandel, 1996). Hence a bouton might become detached 
and become temporarily insensitive to Nogo to allow plastic responses, as directed by local BDNF 
increases, after which synapses would become locked in their new configurations by normaliza-
tion of NCAM, NgR and BDNF levels.



On Nogo Signaling Regulation

1�

Lingo-� mRNA expression in rat and human CNS tissue and regulation in rat following weight 
drop injury, KA and BDNF injections (Papers III and V)

When NgR was identified (Fournier et al., 2001) it was realized that the receptor for Nogo lacks 
an intracellular signaling domain, suggesting that additional components were required. A mem-
ber of the tumor necrosis factor receptor (TNFR) family, p75NTR was the first component to 
be identified as a NgR co-receptor (Wang et al., 2002a; Wong et al., 2002). However, NgR in 
combination with p75NTR is not sufficient for transduction leading to RhoA activation. This led 
to the identification of another molecule, Lingo-1, that was shown to be required for intracellu-
lar transduction (Mi et al., 2004). The data also indicate that Lingo-1 may function primarily as 
a modulator that requires additional molecules for signal transduction. The mismatch between 
the scarcity of p75-expressing neurons in the brain and the richness of NgR-expressing neurons 
suggested additional co-receptor components. Troy, another member of the TNFR family, was 
shown to interact with NgR and Lingo-1 and able to replace p75NTR in a functional NgR com-
plex consisting of NgR, Lingo-1 and Troy (Park et al., 2005; Shao et al., 2005). Troy is indeed 
more widely expressed in the brain than p75.

In Paper V, we compared the expression of Lingo-1 to the other components in the NgR complex 
by in situ hybridization in adult human brain and spinal cord and in the nervous system of devel-
oping and adult rat CNS. We also analyzed Lingo-1 gene transcription responses to weight drop 
injury of the adult rat spinal cord (Paper V), kainic acid administration and intrahippocampal 
injections of BDNF (Paper III). We found neuron-specific expression of Lingo-1 in adult human 
and rat CNS and DRG. We saw strong similarities between the patterns of Lingo-1 mRNA 
expression in the rat and human CNS. Lingo-1 mRNA is expressed in the adult hippocampus, 
neocortex and thalamus and the signal is slightly down-regulated in the adult rat compared to 
postnatal rat brain. During postnatal development, Lingo-1 mRNA was detected in motor neu-
rons in the spinal cord and in dorsal root ganglia. While the expression of Lingo-1 weakens in the 
adult spinal cord, the strong expression in sensory neurons remains in adulthood. Moreover, all 
three layers of the P1 cerebellum displayed a positive signal for Lingo-1 mRNA although, from 
P7 onwards, only the granular layer of cerebellum showed Lingo-1 mRNA expression. Further 
investigations are needed to understand the functional implications of these expression patterns. 

One week following weight drop injury, we observed a strong induction of Lingo-1 mRNA expres-
sion in cranial and caudal gray matter of the spinal cord and the up-regulation was longlasting. In 
contrast, Lingo-1 expression was markedly down-regulated at the site of injury. Erschbamer and 
colleagues (Erschbamer et al., 2005) have previously reported a clear increase of RhoA expression 
in the injury zone 1-4 weeks following injury in the same animals. The induction of RhoA was 
astrocyte and oligodendrocyte specific. These observations may possibly suggest that neurons in 
the damaged area become temporarily less sensitive to Nogo/MAG/OMgp inhibition allowing 
neurite extensions, while neurons in other areas of the damaged spinal cord become less prone to 
neurite sprouting. 

In paper III we assessed Lingo-1 levels after KA administration and after a running period, condi-
tions where neuronal activity is induced and where we previously detected a NgR mRNA down-
regulation. Since local transient increases of BDNF are seen in response to neuronal activity, we 
also performed unilateral intrahippocampal BDNF injections and measured Lingo-1 and NgR 
gene regulation. We could not detect any Lingo-1 mRNA changes in cortex, CA1, CA3 or the 
dentate gyrus of animals that were exposed to running wheels. However, we found that Lingo-



Alexandra Trifunovski

�0

1 mRNA was up-regulated in the dentate gyrus in response to either KA or BDNF injections. 
Even control injection of bovine serum albumin (BSA) into hippocampus induced an increase of 
Lingo-1 mRNA. After 24 hours Lingo-1 levels were back to control levels in the dentate gyrus. In 
line with our previous reports of NgR down-regulation by neuronal activity, we found a similar 
down-regulation of NgR mRNA after intrahippocampal injection of either BDNF or BSA. 

Throughout life a degree of morphological plasticity is retained in the hippocampal formation. 
One trophic factor that is closely regulated by activity both under physiological and pathologi-

cal circumstances is BDNF. BDNF is also involved in plasticity of synapses during development 
and in adulthood (Lu and Figurov, 1997). We found that NgR is down-regulated in response to 
increased neuronal activity whereas BDNF was instead up-regulated. Therefore, we attempted to 
determine if there was a causal relationship, by using intrahippocampal BDNF injections. While 
BDNF delivery was indeed associated with a decrease of NgR mRNA levels, so was delivery of 
a control protein (BSA). Hence we were not able to demonstrate a cause-relationship between 
BDNF and NgR levels. Instead we found that the insult of the needle and injection procedure per 
se had effects. This is thus another example of the notion that it is impossible to physically probe 
the brain without causing significant local changes of cellular functions. Another example is 
implantation of a microdialysis probe, which per se causes marked increases of basic FGF mRNA 
in surrounding brain tissue (Humpel et al 1994).

Our experiments suggest that NgR may play a unique role in brain plasticity, by being the only 
known receptor component to be down-regulated in response to increased neuronal activity. Lingo-
1 mRNA levels are instead increased in situations when NgR mRNA levels are decreased.

Decline of Nogo-A message in the aging brain (Paper VI)

Impairments of learning and memory are associated with aging and aspects of these impairments 
are similar to those caused by hippocampal damage (reviewed in Rosenzweig and Barnes, 2003). 
One reason for declining memory function in the aging cortex cerebri and hippocampus might be 
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decreased plasticity, impairing the ability to form new long-lasting memories. The Nogo system 
has been implicated in the pathophysiology of aging in Alzheimer’s disease (Park et al., 2006). 

To better understand age-related deficits we examined if the Nogo system components change 
in the aging brain. Sexual maturity (2–3 months in rodents) is used to define the start of adult-
hood. This definition varies depending on species, genetic background, and experimental con-
ditions. We used Fisher 344 rats to model aging and measured the mRNA expression levels of 
Nogo, MAG, OMgp, NgR, Lingo-1 and Troy, in the hippocampal formation of adult (up to 10 
months), middle-aged (10-20 months) and aged (from 20 months) rats. In this study, we found a 
small but significant decrease of Nogo mRNA in the neuronal layers of CA1, CA3, CA4 and the 
dentate gyrus when comparing 16- and 24-month-old animals. Neither the receptor components 
NgR, Lingo-1 and Troy, nor the ligands MAG and OMgp were changed in the aging cortex and 
hippocampus. 

The fact that other components of the Nogo system were not changed by aging, argues against 
the Nogo mRNA decline being part of a general decrease of mRNA species in cells of the aging 
brain. Instead, the decrease might possibly reflect a compensatory mechanism of the aging brain. 
Lately, Nogo has also been implicated in neuronal pathologies that are not induced by physical 
injury. Patients with temporal lobe epilepsy have elevated Nogo-A levels in hippocampal neurons 
(Bandtlow et al., 2004). Patients with amyotrophic lateral sclerosis (ALS) have been reported to 
have elevated Nogo-A levels (Dupuis et al., 2002), whereas levels of Nogo-C protein are decreased 
in postmortem muscular samples of ALS patients. In a transgenic mouse model of ALS, similar 
changes have been observed. Also, autoantibodies recognizing Nogo-A have been detected in 
serum and cerebrospinal fluid (CSF) from patients with multiple sclerosis (MS) but not in con-
trols (Reindl et al., 2003). Thus clinical observations to date have focused on Nogo itself. Investi-
gations of the other ligands and the receptor components should help clarify the possible roles of 
the Nogo signaling system in injury and diseases of the nervous system.

Normalization of BDNF, Lingo-�, Nogo and Troy after carbamazepine administration in the 
mceph/mceph mice (Paper IV)

Megalencephaly in human neurological diseases is associated with symptoms ranging from mild 
to severe. Features often associated with megencephaly include epileptic seizures, learning disabil-
ities and impaired intelligence, as well as motor dysfunction and morphological abnormalities. A 
mouse model for megencephaly was recently found to be caused by a spontaneous mutation in the 
Shaker-related, voltage-gated potassium channel gene 1, KCNA1, causing brain enlargement and 
seizure-like behavior (Petersson et al., 2003). Previously, Diez and colleagues (Diez et al., 2003) 
have reported that homozygous such mice (mceph/mceph) have increased total brain volume, ven-
tral cortex, hippocampal formation and cerebral cortex from eight weeks onwards. Additionally, 
the investigators proposed a possible role of neurothrophic factors such as BDNF, for increase in 
size since a disturbance in BDNF expression was detected. 

The mceph/mceph mouse offered an opportunity to study to which extent the Nogo signaling 
system might be involved in megencephaly pathophysiology, particularly because it had already 
been shown that BDNF levels are increased very early and it has been suggested that develop-
mental mechanisms continue to be active in these mice (Diez et al., 2003). The effects of car-
bamazepine (CBZ) on neural growth in these mice were also studied. We speculated that the 
seizure-induced neural activity might mimic the findings from KA administration. Mice fed 
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with CBZ were analyzed for seizure behavior, brain structure size and expression of markers for 
neuronal plasticity and rescue in the brain. We found the megencephalic brain to be character-
ized by a pattern of changes in the Nogo system that was clearly different from that caused by 
increased neuronal activity alone. Thus Nogo mRNA levels were increased in several areas, and 
NgR mRNA increased (rather than decreased) in the dentate gyrus and not markedly changed 
in other investigated areas. Lingo-1 mRNA levels were dramatically increased in e.g. the dentate 
gyrus, while Troy mRNA levels were decreased. OMgp mRNA levels were also increased. Strik-
ingly, our results show that CBZ normalized the brain growth and counteracted the increased 
size of CA3 pyramidal neurons in hippocampus. CBZ also counteracted the abnormal BDNF, 
Gap-43, Nogo, OMgp, NgR, Lingo-1 and Troy mRNA levels in the mceph/mceph brain. Nota-
bly, these effects occurred at CBZ doses that did not fully suppress seizures. These observations 
suggest that certain forms of postnatal abnormal brain overgrowth are associated not only with 
abnormal expression of BDNF, but also with pathological changes in genes involved in the Nogo 
signaling system, and that these abnormalities can be prevented by treatment with known anti-
epileptic drugs such as CBZ. 

Overexpression of Nogo receptor in the forebrain (Paper VII)

Based on our observations of specific down-regulation of NgR mRNA in situations of increased 
neuronal activity, we formulated the hypothesis that such NgR down-regulation could be a nec-
essary event in neural plasticity underlying synaptic reorganization and long-term memory for-
mation (Josephson et al., 2003), and conversely, that the steady-state high levels of Nogo and its 
receptor in neuropil serve to stabilize neuronal networks.

To directly test our hypothesis, we set out to generate mice with cell-specific overexpression of 
NgR. We reasoned that overexpression of NgR in neurons during development might disturb 
development and lead to adult brain dysfunction, and that overexpression in adulthood only 
might impair learning and long-term memory. To direct expression to forebrain neurons we used 
the Ca2+ calmodulin-dependent protein kinase II (Cam KII) promoter. To be able to turn trans-
gene expression on and off we used the Tet-off system. 

In paper VII, we describe the generation of NgR overexpressing mice and provide a preliminary 
characterization of some of their phenotypic traits. We have obtained data from three viable trans-
genic mouse lines (CamKIIpTRE/NgR) with inducible (removal of doxycycline) and specific overex-
pression of NgR in forebrain neurons. All three lines were found to overexpress NgR message in 
forebrain neurons as expected. As typical with pronuclear injections, there were certain differ-
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ences in the precise patterns of overexpression between the lines, which we may use to our advan-
tage to determine which levels and/or regions of NgR overexpression may be most important. 

For line 1 (L1) we have determined that the overexpression of NgR transcript is also paralleled 
by overexpression of NgR protein (Fig. A). The overexpression is striking in the olfactory bulb, 
cortex cerebri, striatum and hippocampus. Overexpression is not seen in thalamus, cerebellum 
(Fig. B) or spinal cord (not shown). We have also determined that the expression is dependent 
on the absence of tetracycline. As long as mice receive tetracycline (doxycycline) in the drinking 
water, the transgene is not expressed. Together, these findings are evidence that the transgenic 
mice express the transgene as planned. We therefore used the L1 strain for our initial experiments. 
When doxycycline is not present, these mice will begin overexpression in forebrain neurons about 
14 days after birth, at which time the CamKII gene is normally activated. Since the experimental 
animals are bitransgenic, monotransgenic animals can serve as controls.

Body weight measurements of mice with NgR overexpression from two weeks of age show that 
such animals will begin to lag behind littermate controls in adulthood, starting at about 3.5 
months of age. Since one aspect of hippocampal plasticity is neurogenesis, we performed BrdU 
labeling to test if NgR-overexpressing mice have disturbed formation or survival of newly formed 
cells. Counting BrdU-labeled cells in the subgranular zone and the granular cell layer of the den-
tate gyrus, we noted fewer BrdU-labeled cells in the L1 strain compared to control animals. This 

Fig. A. Tissue-specific expression of NgR in NgR overexpressing mice (L1) shown by Western blotting.

Fig. B. Tissue-specific overexpression of NgR mRNA in L1 mice.
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argues for an impaired proliferation and/or survival of new 
cells in the L1 strain. 
We next measured locomotor activity in L1 mice that had 
not been treated with doxycycline. Preliminary data sug-Preliminary data sug-
gest that spontaneous activity did not differ from controls, 
while the locomotor response to amphetamine was atten-
uated, particularly in response to a second amphetamine 
injection. These data need confirmation, but may indicate 
that NgR-overexpressing L1 mice either have developmen-
tal disturbances, e.g. of the reward system, or that they may 
be less prone to become sensitized to amphetamine.

Passive avoidance, a hippocampus- and amygdala-dependent emotional memory task (LeDoux 
et al., 1993; Stiedl et al., 2000), was tested to determine if very long-term memory was affected 
in NgR-overexpressing mice. Commonly, this test is used to measure if drugs influence the ten-
dency to avoid entering a dark compartment about 24 hours after animals have had an unpleas-
ant experience of entering. We did not see any difference between L1 NgR-overexpressing mice 
and controls 1 day after conditioning. One week after conditioning there was still no difference. 
However, 4 weeks after the training day, 3 of 6 animals with overexpression of NgR in the fore-
brain crossed over. In contrast, none of the control animals entered the dark compartment dur-
ing 5 minutes of testing. These preliminary observations suggest that overexpression of NgR may 
impair the establishment of long-term memory. However, other explanations such as a develop-
mental disturbance caused by the continuous overexpression of NgR from the third week of life 
may have also influenced the behavior of the overexpressing mice. 

To further test our hypothesis, we have initiated studies of mice, which receive doxycycline in the 
drinking water until adulthood and from which doxycycline is then withdrawn to allow trans-
gene expression. Tests similar to those described above, as well as open field tests and tests in Mor-
ris swim maze are underway. These studies require four groups to be analyzed (controls and over-
expressing mice with and without doxycyline removal in adulthood) in order to sort out effects of 
doxycycline removal versus turning on NgR overexpression. If and when a robust behavior effect 
of adult NgR overexpression is identified, the definitive test would be to correlate such effect to 
the on or off state of the transgene in the same individual animals. 

Strong support for our hypothesis that NgR regulation is a key event in brain plasticity was 
recently provided by McGee and colleagues (McGee et al., 2005), who demonstrated that adult 
NgR knockout mice, in contrast to wildtype mice, lack maturation-dependent restriction of the 
ocular dominance shift phenomenon in visual cortex. This remarkable observation suggests that 
the absence of NgR allows synaptic plasticity to continue into adulthood in the visual cortex, 
despite the presence of Nogo.

Fig. C. Counts of BrdU-positive 
cells in the dentate gyrus.
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Concluding remarks

The presented work contributes to the understanding of ligand and receptor components of the 
Nogo signaling system in health and disease. We suggest a role for NgR in the regulation of syn-
aptic plasticity. Our transgenic mouse model with inducible and specific overexpression of NgR 
should help determine the role of NgR in CNS plasticity. Understanding the regulation of Nogo 
signaling and its role in synaptic plasticity may aid in the design of novel treatments for CNS 
injuries and diseases including conditions with failing memory
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