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Symptoms of schizophrenia likely arise
from a failure of adequate communica-
tion between different brain regions and
disruption of the underlying circuitry.
Oligodendrocytes comprise the myelin
sheath and create the basis for efficient in-
formation transfer throughout the hu-
man brain and CNS, by allowing rapid
conduction of neural signals. Converging
evidence from a variety of neuroscientific
disciplines, such as electron microscopy,
postmortem gene expression, animal
models, gene association, and neuroimag-
ing (diffusion tensor imaging in particu-
lar) has repeatedly pointed to myelin and
oligodendrocyte abnormalities as a core
feature of, and possible common pathway
for, impaired connectivity in schizophre-
nia (Haroutunian and Davis, 2007).
While several avenues of evidence are
strong and lend impressive weight to the
oligodendrocyte dysfunction hypothesis
in schizophrenia, some weaknesses per-
sist. In particular, genetic association
studies of oligodendrocyte- and myelin-
related (OMR) genes have proven diffi-
cult to replicate, with some studies dem-

onstrating no association of OMR genes
with schizophrenia. Of the OMR gene
polymorphisms that have demonstrated
genetic association with schizophrenia,
few have known functional consequences.
Furthermore, the case for OMR gene in-
volvement in schizophrenia suffers from a
lack of convincing animal models.

In addition to speeding neuronal con-
duction, myelin plays an important role in
inhibitory growth in the CNS, demon-
strated in early seminal studies. A number
of myelin-associated inhibitory growth
factors have since been identified, includ-
ing myelin-associated glycoprotein
(MAG), oligodendrocyte-myelin glycop-
rotein (OMgp), and Nogo-A (RTN4). De-
spite their distinct molecular structures,
OMgp, MAG, and RTN4 share a common
axonal receptor, Nogo-66 receptor 1
(NgR1). Activation of NgR1 initiates a
cascade that leads ultimately to inhibition
of axonal growth. Given that it acts as a
convergence point for three factors that
inhibit neurite outgrowth and regenera-
tion, NgR1 has generated much interest as
a target for therapeutic intervention fol-
lowing CNS injury (Hsu et al., 2007). In
addition to serving as a focus of study in
CNS injury, NgR1 has also been investi-
gated for a role in schizophrenia.

The NGR gene is located in the 22q11
region, a key susceptibility region in
schizophrenia. A small number of gene as-
sociation studies in schizophrenia have
been performed for the NGR gene, with
inconsistent evidence. Promisingly, rare

nonconservative NGR sequence variants
have been identified in schizophrenic
cases only (Sinibaldi et al., 2004). How-
ever, a combined human and mouse ge-
netic study showed no association with
schizophrenia, and observed effects in the
NGR deleted mouse were specific only to
the motor domain (Hsu et al., 2007).

In a recent article published in The
Journal of Neuroscience, Budel et al. (2008)
provided converging evidence for a role
for the Nogo-66 receptor in schizophre-
nia. The authors first performed a genetic
association study for the Nogo-66 recep-
tor gene with schizophrenia in three eth-
nically divergent samples. The authors
then investigated the frequency of novel
NGR variants in their Caucasian sample
and performed detailed functional analy-
ses of variants present only in individuals
with schizophrenia. Finally, the authors
examined mice lacking NgR1 to search for
schizophrenia-associated phenotypes.

In the genetic association experiment,
the authors examined seven single-
nucleotide polymorphisms (SNPs) in the
NGR gene. The SNPs were chosen to en-
compass genetic variation at the NGR lo-
cus. Genotyping of the NGR gene was per-
formed in Caucasian, African-American,
and Chinese Han samples, where both in-
dividual SNPs and haplotype combina-
tions were analyzed (the authors obtained
DNA from the Coriell Institute and the
National Institute of Mental Health). Ex-
amination of each ethnic group separately
can help reduce population stratification
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and affords the opportunity for replica-
tion across different populations. For
their large sample of Chinese Han trios
(i.e., parents and schizophrenic pro-
bands), the authors used a family-based
association approach that is robust
against population stratification. A small
sample of African-American cases and
controls was also examined. No associa-
tion with schizophrenia was found in ei-
ther sample, replicating previous negative
findings in a Chinese population (Meng et
al., 2007). It is unclear whether the
African-American sample was sufficiently
powered. In a Caucasian sample of schizo-
phrenia cases and matched controls, the
authors showed modest association (cor-
rected for multiple comparisons) with
schizophrenia for one haplotype [Budel et
al. (2008), their Fig. 1], as well as for a
modified additional haplotype. Budel et
al. (2008) state that their finding in Cau-
casians replicates two previous studies,
but one might argue that they strictly rep-
licated one study (Liu et al., 2002), since
the other study (Hsu et al., 2007) found no
association with schizophrenia, after cor-
rection for multiple testing. Allele fre-
quencies can vary dramatically within the
Caucasian population and thereby pro-
duce an illusion of genetic homogeneity
(Price et al., 2008). Budel et al. (2008) took
the important step of verifying that their
positive findings were not attributable to
population stratification, by genotyping
markers informative for admixture (i.e.,
the authors found no significant differ-
ences in genetic background of the Cauca-
sian cases and controls). Overall, the asso-
ciation results for the NGR gene in these
three ethnic groups was quite representa-
tive of many genetic studies in schizo-
phrenia: both positive and negative find-
ings occurred, and alleles that were
positively associated were of small effect.

The authors next explored the possi-
bility that rare coding variants exist in
their schizophrenic population. While
they did not find four previously de-
scribed coding variants, the authors iden-
tified four novel nonconservative mis-
sense variants that were present only in
the schizophrenic group [Budel et al.
(2008), their Fig. 2A]. The authors pro-
ceeded to perform functional analysis of
NgR1 variants in vitro. They showed that
while NgR1 association with coreceptors
p75-NTR, Taj/Troy, and Lingo-1 was un-
altered in R377Q and R377W variants,
signal transduction was altered. In R377-
substituted NgR1 [Budel et al. (2008),
their Fig. 4C,D], both chick retinal ex-
plants and rat dorsal root ganglion neu-

rons were incapable of transducing inhib-
itory myelin signals mediated by MAG.
The authors concluded that R377Q and
R377W substituted proteins blocked the
function of NgR1 and functioned as dom-
inant negatives [Budel et al. (2008), their
Fig. 4E]. The authors also examined two
NgR1 variants previously identified
(R119W and R196H) (Sinibaldi et al.,
2004), located in the ligand-binding do-
main of NgR1. To examine the functional
consequences of these amino acid substi-
tutions, the affinity of myelin ligands for
the R119W-NgR1 and 196H-NgR1 pro-
teins expressed in COS-7 cells were mea-
sured. The R199W substitution had selec-
tive effects on binding of some myelin
ligands (MAG, OMgp), and the R196H-
NgR1 variant was incapable of mediating
growth-cone collapse by myelin ligands
(in E7 chick retinal neurons), thus indi-
cating this substitution may abolish signal
transduction without modulating the ex-
tent of protein-protein association [Budel
et al. (2008), their Fig. 6]. Since this sub-
stitution did not affect binding affinity of
myelin ligands for NgR1, it is possible that
signal transduction was altered through a
mechanism independent from NgR1
binding to myelin ligands. Despite this al-
ternative explanation, these results pro-
vide strong evidence that four human
NgR1 variants from schizophrenic indi-
viduals are functionally inactive in
myelin-induced growth cone collapse as-
say, may possess dominant negative func-
tion in vitro, and may severely disrupt
NgR1 signaling in individuals bearing
these variants.

If inactivating sequence variants in hu-
man NGR contribute to increased schizo-
phrenic risk, the authors hypothesized,
mice lacking NgR1 might exhibit cogni-
tive impairment characteristic of schizo-
phrenia, such as working memory defi-
cits. In a spatial delayed alternation task
[Budel et al. (2008), their Fig. 7], a test of
working memory, mice lacking NgR1 per-
formed significantly worse than wild-type
mice. Spatial learning and memory con-
solidation of NGR-deficient (�/�) mice
measured in the radial arm water maze,
was not difference from that of wild-type
mice (�/�). Thus, the authors concluded
that NGR-deficient mice exhibited im-
paired spatial working memory without
widespread cognitive dysfunction. Pre-
pulse inhibition (PPI) showed no consis-
tent change in mice lacking NgR1. Al-
though mice tested on the spatial delayed
alternation task are sensitive to the dopa-
mine D1 receptor, NGR-deficient mice
showed no dopaminergic change com-

pared with wild-type mice. While the au-
thors cited recent work supporting the
role for NgR1 in regulating glutamatergic
synaptic transmission, they did not inves-
tigate the glutamatergic system. It is nota-
ble that a very recent study of NGR-
deficient mice found a significant
genotype-by-treatment interaction in
MK-801 (an NMDA channel blocker)
treated mice in percentage of time mov-
ing, a locomotor activity measure. How-
ever, there were no cognitive differences,
or PPI differences, in the mice of that
study compared with wild-type mice (Hsu
et al., 2007).

The major conclusion of the present
study is that disrupted NgR1 function
may increase susceptibility to developing
schizophrenia. Yet, a stated goal in the
CNS injury literature is to reduce or elim-
inate NgR1 function to achieve axon re-
generation. Thus, one might think that re-
duced NgR1 function (potentially leading
to axonal regeneration) may be effective
for schizophrenia treatment given the
cognitive impairment seen early in illness,
and well described “soft” neurological
signs observed in a sizeable minority of
patients. However, the authors propose a
model that insufficient myelin-mediated
inhibition of neuritic sprouting may un-
derlie failure to restrict anatomical plas-
ticity in the brain, whereby risk for schizo-
phrenia is increased. This model is
consistent with the schizophrenia litera-
ture, given that studies show reduced oli-
godendrocyte number, and decreased
OMR gene expression (Haroutunian and
Davis, 2007), among other lines of evi-
dence that suggest disrupted myelination
in schizophrenia. Indeed, dysmyelinating
disorders, particularly those affecting
frontal and temporal regions, can produce
a schizophrenia-like syndrome in late ad-
olescence, that corresponds to typical
time of onset in schizophrenia. It is possi-
ble that there is an optimal level of myelin-
mediated inhibition in normal neurode-
velopment, associated with optimal
cognitive performance, with the function
characterized as an inverted U-shaped
curve.

Critically important, in the study by
Budel et al. (2008), was the attempt to es-
tablish functional significance of muta-
tions in the NGR gene. The authors cor-
rectly point out that because these are rare
NgR1 variants, biological tests of func-
tion, rather than genetic association sta-
tistics, provide an alternate and essential
means to assess their role. By also demon-
strating genetic association of the NGR
gene in Caucasian schizophrenics, and
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showing that mice lacking NgR1 protein
exhibit impaired spatial working mem-
ory, the authors provide an emerging pic-
ture implicating NgR1 in schizophrenia.
With mounting evidence that rare genetic
variation (Walsh et al., 2008) may con-
tribute to schizophrenia, collaborative
neuroscience approaches that focus on
functional analysis and phenotypic char-
acterization of such rare variations will
likely be most useful for further elucida-
tion of oligodendrocyte and myelin dys-
function in schizophrenia, along with
other molecular pathways underlying this
disorder.
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