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Many studies have been devoted to the identification of genes involved in experience-
dependent plasticity in the visual cortex. To discover new candidate genes, we have
reexamined data from one such study on ocular dominance (OD) plasticity in recombi-
nant inbred BXD mouse strains. We have correlated the level of plasticity with the gene
expression data in the neocortex that have become available for these same strains. We
propose that genes with a high correlation are likely to play a role in OD plasticity. VWWe have
tested this hypothesis for genes whose inactivation is known to affect OD plasticity. The
expression levels of these genes indeed correlated with OD plasticity if their levels showed
strong differences between the BXD strains. To narrow down our candidate list of correlated
genes, we have selected only those genes that were previously found to be regulated by
visual experience and associated with pathways implicated in OD plasticity. This resulted
in a list of 32 candidate genes. The list contained unproven, but not unexpected candidates
such as the genes for IGF-1, NCAM1, NOGO-A, the gamma2 subunit of the GABA(A) recep-
tor, acetylcholine esterase, and the catalytic subunit of cAMP-dependent protein kinase A.
This demonstrates the viability of our approach. More interestingly, the following novel can-
didate genes were identified: Akap7, Akt1, Camk2d, Cckbr, Cd44, Crim1, Ctdsp2, Dnajc5,
Gnail, Itpka, Mapk8, Nbea, Nfatc3, NIk, Npy5r, Phf21a, Phip, Pom1l, Poplrib, Rbbp4,
Slc1a3, Slit2, Socs2, Spock3, St8sial, Zfp207. Whether all these novel candidates indeed
function in OD plasticity remains to be established, but possible roles of some of them are
discussed in the article.
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INTRODUCTION

During brain development there are periods in which specific
regions are highly plastic and learning occurs more readily and
more permanently than during adulthood. These sensitive peri-
ods allow us to effectively acquire the skills and knowledge that we
build on for the rest of our lives. Unfortunately, it also means that
during such sensitive periods, permanent damage to the circuits
of the brain can arise if plasticity does not occur correctly. This
can be caused by genetic defects, as is often the case in neurode-
velopmental disorders, or due to inappropriate inputs as is the
case with the development of amblyopia (lazy eye). Understand-
ing the molecular and genetic mechanisms underlying sensitive
period plasticity could lead to clinical therapies for such disor-
ders through reopening sensitive periods and allowing plasticity
to reoccur.

The most extensively used paradigm to study sensitive periods
of cortical plasticity is ocular dominance (OD) plasticity, which
also underlies the development of amblyopia. When one eye is
closed (monocular deprivation, MD) for several days during the
sensitive period, the primary visual cortex (V1) will become less
responsive to this eye, while non-deprived eye responses increase
(Wiesel and Hubel, 1963; Gordon and Stryker, 1996; Hensch,
2004). MD after the sensitive period results in much more lim-
ited plasticity or no plasticity at all, depending on the species and
age of the animals.

Much work has been devoted to unravel the mechanisms
behind sensitive period plasticity and identifying the genes and
proteins involved. Pharmacology and knock-out models have been
employed most frequently to test whether proteins and genes
implied in specific forms of plasticity, such as LTD, LTP, or home-
ostasis in vitro, also affected OD plasticity (e.g., Beaver et al., 2001;
Taha et al., 2002; Kaneko et al., 2008). A second approach has
been to study the correlation of gene expression and periods of
enhanced plasticity in order to identify candidate genes (Majdan
and Shatz, 2006; Lyckman et al., 2008; Dahlhaus et al., 2011). This
has, for instance, led to the recognition of the role of the IGF-1
signaling pathway in OD plasticity (Tropea et al., 2006). A third
method is the forward genetics screen, where OD plasticity is mea-
sured in animals in which random genes have been inactivated. A
variation on this approach is the screening of OD plasticity in a
panel of recombinant inbred strains. In this method, plasticity is
measured in several strains. The correlation of plasticity level with
allele genotype in these strains indicates which genes might play
a role in OD plasticity (Heimel et al., 2008). One important ben-
efit of measuring in a genetic reference panel of animals is that
measurements acquired by different labs can be combined and
compared. For example, in BXD mouse strains there is extensive
data available on gene expression levels in several brain areas. The
correlation of expression levels of a certain gene with the level
of plasticity across the different inbred strains could also point
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to a causal relationship. Such a gene could regulate or modulate
sensitive period plasticity or could be partaking in the plasticity
itself.

Genetic screens, however, are commonly hampered by the
problem of multiple testing, because of the vast number of dif-
ferent genes. Genes which truly play a role in a process can have
similar p-values as randomly correlating genes. If one does not
correct for multiple testing when selecting candidate genes based
on p-value, there will be many spurious genes contaminating the
candidate list. If one does correct, however, it is very likely that
some causative genes will be thrown out as insignificant. Often
this problem is tackled by making an ad hoc selection of the most
significant genes by using additional knowledge about their func-
tion. In this paper, we formalize this approach using an unbiased
combination of several publicly available datasets of genetic infor-
mation of OD plasticity. This leads to the identification of 32 genes
with a high likelihood of being regulators of plasticity in the visual
cortex.

MATERIALS AND METHODS

We composed three lists of genes from different sources of pub-
licly available data, which we call the Correlated, Implicated, and
Regulated gene lists. The genes appearing on all three lists were
considered candidate plasticity genes. For these genes, the mouse
Allen Brain Atlas! (Lein et al., 2007) was consulted in January 2011
to check whether they are indeed expressed in the visual cortex.
A schematic representation of the selection procedure is shown in
Figure 1.

CORRELATED GENE LIST

The first list was computed by correlating functional data on OD
plasticity with gene expression levels in the neocortex of BXD
mice. The BXD set is a genetic reference panel of 80 recombinant
inbred strains derived from C57BL/6] and DBA/2]J parent strains.
A wealth of data about these mice, including the data used for

Uhttp://mouse.brain-map.org

this paper, is publicly available from Genenetwork? (Chesler et al.,
2004).

BXD 0D plasticity

Ocular dominance plasticity was previously measured in 13 BXD
strains by comparing the visual responses in the left primary
visual cortex at postnatal day 35 (P35) in normally treated ani-
mals to the responses in animals where the contralateral (right)
eye had been closed from P28 (Heimel et al,, 2008). From
these published data, we used three traits for our analysis: (1)
the difference in response to visual stimulation of the sutured,
reopened, contralateral eye (Genenetwork RecordID/11285), (2)
the difference in response to the unsutured ipsilateral eye (Recor-
dID/11286), (3) the difference in the OD index, ODI, defined
as (contralateral response — ipsilateral response)/(contralateral
response + ipsilateral response)-(RecordID/11284).

BXD gene expression

Gene expression data was taken from the HQF BXD Neocortex
ILM6v1.1 (Feb08) RankInv dataset (Gaglani et al., 2009) which
analyzed mRNA levels in the neocortex of adult mice raised in a
standard laboratory environment using the Illumina Mouse 6.1
bead micro-array. All genes from this set for which the expression
level correlated (positively or negatively) at the 5% significance
level or below with at least one of the OD plasticity traits, together
made up the “correlated” gene list. The significance of the Pearson
correlations was computed by comparing the real correlation to
that of a thousand permutations of the trait values.

Validation of the “correlated” gene list

To verify that correlations between expression and plasticity can
point to genes which are involved in OD plasticity, we cross-
checked the correlated gene list with a list of all genes with a proven
role in this process. These genes were found by a PubMed search
for “OD plasticity” (on October 29, 2010) and selecting for mouse
knock-out models with altered OD plasticity. If, however, there

2www.genenetwork.org

BXD OD plasticity BXD Expression Pathways Sensitive period expression
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publicly available information we composed three gene lists (correlated, implicate
candidate plasticity genes.

FIGURE 1 | Candidate gene selection procedure. This figure schematically shows the approach used for identifying candidate genes for OD plasticity. Using

d, regulated). Genes that were present in all three lists were considered
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is no variation in the expression of a particular gene within the
BXD strains, then the gene expression, of course, cannot correlate
with plasticity. To control for this, we considered the expression
levels for all the probes on the Illumina mRNA micro-array of
the proven genes across the 13 strains for which OD shifts were
measured (C57BL/6J, DBA/2], and BXD strains 1, 2, 6, 14, 21, 28,
31, 33, 34, 39, 40). From these, we computed the relative expres-
sion range by taking the difference between the highest and lowest
expression level and dividing this by the SEM value within a single
strain, averaged across the measured strains.

IMPLICATED GENE LIST

For creation of the “implicated” gene list, we used a recent review
by Tropea et al. (2009). This review contains an exhaustive list of
pathways and molecules with an established role in OD plastic-
ity or its regulation. These pathways were entered (on January 7,
2011) in the gene ontology database AmiGO? (Ashburner et al.,
2000) to retrieve all genes involved in these pathways. The specific
protein names listed in this review were also entered in the pub-
lic protein interaction database STRING* (Szklarczyk et al., 2011)
to find their direct interaction partners (consulted on January 8,
2011). Together, these genes made up the implicated gene list. For
each of the genes in this extensive list, we checked the literature
to classify it as having a known, likely or uncertain role in OD
plasticity.

REGULATED GENE LIST

The third list came from an mRNA micro-array study where the
objective was to search for genes regulated by visual experience
and thus possibly involved in regulation of OD plasticity. Tropea
et al. (2006) extracted RNA from V1 of 129/SvEv mice at P27, and
compared expression levels of normally reared mice, to that of (1)
mice born and reared in darkness, (2) mice in which the contralat-
eral eye was sutured at P11-12, before eye opening, (3) mice in
which the contralateral eye was sutured at P23. In this way, genes
were identified that were up or down regulated after dark rearing,
by long-term or short-term MD. Genes regulated with p < 0.01
were included in our regulated gene list.

RESULTS

To identify new candidate genes playing a role in OD plasticity, we
wanted to exploit the underused potential of a number of large
public datasets. In particular, the data on plasticity in BXD recom-
binant inbred strains could possibly be mined in a novel way to
obtain candidates. For a number of strains of this genetic refer-
ence panel, the changes in visual response in primary visual cortex
induced by 7 days MD during the sensitive period for OD plasticity
had already been measured (Heimel et al., 2008). For this study, we
used the reported shifts in response to stimulation of the deprived
contralateral and the undeprived ipsilateral eyes, and the shift in
the OD index of the balance of the two eyes’ responses. These, as
well as many other physiological and behavioral traits and, impor-
tantly, gene expression levels have been made available to study at
the online Genenetwork database. Our hypothesis was that genes

3http://amigo.geneontology.org
4http://string-db.org

for which the expression in the neocortex correlates with one of
these aspects of OD plasticity in different BXD strains, are likely
to be involved in this type of experience-dependent plasticity.

VALIDATION OF CORRELATION APPROACH

Although it is not easy to prove the hypothesis above, we could test
the validity of the reverse hypothesis, i.e., do expression levels cor-
relate with plasticity for genes which play a role in OD plasticity.
To this end, we created a list of all genes which have been proven to
play arole in OD plasticity by means of a knock-out mouse model.
A study of the literature produced 14 such genes, shown in Table 1.
For 3 (21%) of these, the expression in the adult neocortex corre-
lated significantly at the 5% level with either the change in response
to one of the eyes, or the change in the ODI, induced by the MD.
This limited number of genes is comparable to that expected by
chance. However, it should be taken into account that if across the
BXD strains the range of expression levels of assessed genes is too
small compared to the variation in the expression level measure-
ment, it is not possible to detect a correlation between phenotype
and expression. We therefore computed the relative expression
level range of the 14 genes by dividing the maximal difference in
expression level for the BXD strains by the average variation in the
expression level per strain. If our hypothesis is correct, we expect a
significant correlation between expression and plasticity for genes
with a high ratio. Table 1 is sorted in descending order for this
relative range. It shows that both genes with a relative range above
1, have a significant correlation, as do three from the seven genes
with a relative range larger than 0.5.

Interestingly, while H2-DI and H2-K1 both show considerable
expression level variation across BXD strains, only H2-D1 strongly
correlates to OD plasticity (Table 1). When both of these two major
histocompatibility complex class I (MHCI) genes are knocked out,
there is increased OD plasticity (Datwani et al., 2009). In partic-
ular, the area of activity-regulated Arc expression in response to
stimulation of the non-deprived or non-enucleated ipsilateral eye
is expanded. This fits well with the negative correlation of the
expression of H2-D1 in the cortex and the increase in response
to the non-deprived ipsilateral eye (r = —0.62, p = 0.032). Results
of single knock-outs of H2-D1 or H2-KI are not published. Our
analysis suggests that the H2-D1I deficiency alone is causing the
reported increased plasticity in the double knock-out mouse.

We also made an exhaustive list of genes which do not cause
an alteration in OD plasticity when knocked out (bottom tier of
Table 1). Although the list was short, this provided some justifi-
cation of the original hypothesis that genes that play a role in OD
plasticity are more likely to have expression levels correlating with
plasticity, than genes that do not play a role. The expression level
of none of these genes correlated with any of the plasticity traits.
Overall, these results suggests that genes which are involved in
OD plasticity and for which expression levels vary across the BXD
strains, are indeed more likely than other genes to have expression
levels correlating with plasticity.

CORRELATED GENE LIST

The correlation of expression level and plasticity for known
OD plasticity genes suggested that correlation of expression and
plasticity could be a fruitful starting point for identifying new
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Table 1| Genes with known effect on OD plasticity when knocked out.

Gene symbol (protein alias) Reference

Relative range

Highest range probe Significantly correlated (p < 0.05)

KO-MODELS WITH PHENOTYPE

H2-D1 [H2-D(b)] Datwani et al. (2009) 1.73
Plat (tPA) Mataga et al. (2002) 1.28
H2-K1 [H2-K(b)] Datwani et al. (2009) 0.82
Prkar2b (RIl beta) Fischer et al. (2004) 0.81
Prkar2a (Rl alpha) Rao et al. (2004) 0.67
Rtn4r (NgR) McGee et al. (2005) 0.58
Tnf (TNF-alpha) Kaneko et al. (2008) 0.53
Camk2a (alpha CaMKII) Gordon et al. (1996) 0.48
Gad2 (GADBG5) Hensch et al. (1998a) 0.42
Hapin1 (Crtl1) Carulli et al. (2010) 0.40
Arc McCurry et al. (2010) 0.39
Lynx1 Morishita et al. (2010) 0.33
Lilrb3 (PirB) Syken et al. (2006) 0.33
Grin2a (NR2A) Fagiolini et al. (2003) 0.31
KO-MODELS WITHOUT PHENOTYPE
Dlg4 (PSD95) Fagiolini et al. (2003) 0.87
Prkar1b (PKA Rl beta) Hensch et al. (1998b) 0.53
Adcy1 (ACT) Fischer et al. (2004) 0.48
Grm2 (mGIuR2) Renger et al. (2002) 0.35
Adcy8 (AC8) Fischer et al. (2004) 0.30
Egr1 (ZIF268) Mataga et al. (2001) 0.25

ILM2190725
ILM102030300
ILM580332
ILM3130593
ILM2340136
ILM6770242
ILM6650603
ILM4150292
ILM 1400088
ILM580398
ILM4610093
ILM6660022
ILM100780537
ILM6550538

Ipsi: —0.62
Ipsi: —0.64; ODI: 0.72

Contra: —0.60

ILM2640039
ILM103830451
ILM104760148
ILM100780577
ILM6760519
ILM4610347

The genes are sorted in descending order for the relative range. Three of the 14 genes with a phenotype showed a significant correlation with at least one OD plasticity

phenotype. Both genes with a relative range above 1 showed correlation. None of the genes without a phenotype showed a significant correlation.

candidate genes. We thus compiled a list of all genes for which
the expression level in the neocortex in the BXD strains correlated
positively or negatively with one or more aspects of the OD shifts
measured in the same strains. This list of all significantly corre-
lated probes with an uncorrected p-value below 0.05 consisted of
3486 unique genes (correlated gene list, Table S1 in Supplemen-
tary Material). This large list is expected to contain genes that truly
influence OD plasticity, but also many that correlate by chance. A
first step to reduce the latter group of genes is by performing a cor-
rection for multiple testing. However, this reduced the set to only
one gene, Loc381054. Of this gene, coding a protein with the pro-
saic description “similar to Putative protein C21orf45,” very little
is known. When applying a correction for multiple testing, many
true correlations may be wrongfully discarded, because the signif-
icance of the measurements is limited by the number of measured
strains and the differences in expression level. Therefore, to try to
separate the true candidate genes from the randomly correlating
genes, we used an alternative selection procedure that was based
on intersection with two additional lists of candidate genes.

IMPLICATED GENE LIST

The second list represented genes associated with signaling path-
ways previously implicated in OD plasticity. We began with a
recent and exhaustive review of the literature by Tropea et al.
(2009). It lists the following classes of molecules: acetylcholine,
Arg, calcineurin, CamKII, cannabinoid receptors, CREB, CSPGs,
ERK, GABA receptors, HDAC, IEGs, IGF-1, IGFBPs, MGIuR,
myelin-related receptors, neurotrophins, NMDAR, noradrenaline,

PirB, PKA, polysialic acid (PSA), serotonin, TNFa, TPA, troponin
C. For these classes, we used the online gene ontology tool AmiGO
to select all related gene ontology terms to retrieve all associated
genes. In addition, the protein interaction database STRING was
used to identify the interaction partners for the individual pro-
teins mentioned in the review. This implicated gene list contained
830 genes (Table S2 in Supplementary Material). Of these, 12 were
known to cause a change in OD plasticity when knocked out.
Moreover, 43 were genes that, based on previous studies, were
highly likely to play a role in OD plasticity. In total, 55 of the
830 genes were known or likely plasticity genes. The vast majority
(93%) of the genes in this list could thus represent possible new
candidates.

REGULATED GENE LIST

The third list of genes was taken from an mRNA micro-array
based search for genes regulated by visual experience (Tropea et al.,
2006). This study identified genes expressed in different levels after
dark rearing, short MD (4 days), or long MD (16 days), compared
to control conditions. It has already been shown that this list con-
tains valuable information on the genes involved in OD plasticity.
Based on this study, the IGF-1 pathway was identified and proven
to play a role (Tropea et al., 2006). For our new analysis of the data,
only the dark rearing and short MD lists were used, as they were
most likely to contain genes which are involved in the plasticity
induced by the 7-day MD that was used to generate the correlated
gene list. This regulated gene list contained 4404 unique genes
(Table S3 in Supplementary Material).
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FIGURE 2 | Venn diagram showing the overlap among the correlated,
regulated, and implicated genes.

INTERSECTION
Each of the individual lists contained hundreds of genes. Many of
these are involved in OD plasticity, but many are likely not to have
such role. If we would make the conditions for selection of each of
the individual lists more stringent, then we would remove many
true candidates together with the spurious genes. Our approach
was therefore to take the intersection of the lists, see Figure 2. Only
the 32 genes which were correlated, implicated and regulated were
considered candidates, listed in Table 2. Visual cortical expression
for all these genes was evident from their inclusion in the regu-
lated gene list (which came from samples of V1 tissue) and was
confirmed additionally by consulting the mouse Allen Brain Atlas.
Among the 32 candidates, there were six genes (19%), Igf1, Ncam1,
Rtn4, Prkaca, Gabrg2,and Ache, which had been assigned as known
or likely when compiling the list of implicated genes. This is much
more than what would be expected in a random sample of the
implicated genes (chi-square test, p =0.0087), and suggests that
our approach is successfully identifying good candidates. Half of
this enrichment for likely and known plasticity genes is due to the
intersection of the implicated list with the regulated list and half of
it is due to its intersection with the correlated gene list (Table 3).
The candidate genes were distributed over half of the 26 impli-
cated molecular classes, with three or more genes associated with
Calcineurin, CSPGs, ERK, GABA receptors, IGF-1, or PKA. CSPGs
alone, however, already accounted for 155 of the 830 implicated
genes, and even by chance a high number of genes associated with
CSPGs would have been expected. The only significant enrich-
ment was for IGF-1-associated genes (p = 0.049, chi-square test),
which was already observed in the Regulated gene list (Tropea
et al., 2006). None of these six pathways associated with three
or more candidates was exclusively regulated by dark rearing or
MD. Also, none were correlated with the change in one eye specif-
ically. This demonstrates that these pathways are involved both
in the loss of response to the deprived eye, and in the gain of
the open eye response after MD. Previously, it was found that
the loss of deprived eye responses, and the gain of unsutured eye
responses do not correlate (Heimel et al., 2008). In our selection
of candidate genes, most genes indeed correlate with the changes
of one eye alone, but five genes correlate with a change in the

eye balance (ODI), or with changes in both eyes. This suggests
that the expression level variation of even individual genes can
simultaneously affect the deprived eye loss and the open eye gain.

DISCUSSION

Experience-dependent plasticity during sensitive periods of devel-
opment is more effective and results in more persistent changes
than plasticity in the adult brain. The aim of this study was to
produce a selection of novel genes with a very high likelihood
of regulating or participating in sensitive period plasticity in the
visual cortex. This selection of genes may be used in future research
to serve as a handle through which plasticity can be activated
using pharmacological means or gene therapy. We combined pre-
vious literature with the results of a micro-array study on visually
regulated genes and the results of a forward genetics approach
to identify candidate genes potentially involved in regulating OD
plasticity in the visual cortex.

The forward genetics study was a screen of C57BL/6] x DBA
recombinant inbred strains for the efficiency of three compo-
nents of OD plasticity, loss of responsiveness to the deprived eye,
increased responsiveness of the non-deprived eye and the OD
index, and correlating them with the expression levels of genes
expressed in the adult neocortex. We first determined the limita-
tions of this forward genetics approach by testing whether genes
that were found to be essential for OD plasticity by reverse genet-
ics would be identified. We found that we could indeed enrich
for these genes, but not surprisingly, only if expression levels of
these genes showed sufficient variability between the different BXD
strains. We did not, however, pick up all of the genes with a known
influence on OD plasticity. This could be due to various causes.
First, genes that regulate OD plasticity exert their influence in
visual cortex and during the sensitive period, while the available
expression data is limited to that of the full neocortex of adult
or very young mice. Expression across areas and ages will often
correlate, but this certainly does not always have to be the case,
in particular for genes involved in closure of the sensitive period.
This is an important drawback of our approach. Any future study
which would measure the expression level of genes in the visual
cortex in BXD strains during the fifth postnatal week (match-
ing the functional plasticity data) would remove this problem.
A second reason for underreporting OD plasticity genes, how-
ever, is that some genes may encode proteins that are necessary
for plasticity, but are not rate limiting. A knock-out of such a
gene would produce a phenotype, but expression level differences
would not correlate with the strength of plasticity. In the specific
case of MHCI gene H2-K1 where we did not find a correlation, it
may actually be because H2-K1 is not involved in OD plasticity.
The evidence for its involvement comes from a study where both
H2-DI and H2-K1 were simultaneously knocked out (Datwani
et al., 2009). We find a significant negative correlation of H2-DI
expression and the amount of increase in non-deprived ipsilat-
eral response strength, in line with the increased response for the
ipsilateral non-deprived eye in the double knock-out.

CANDIDATE SELECTION
By correlating expression with plasticity, we created a list of 3486
genes. To narrow down this list to the most likely candidate
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Table 2 | Candidate genes in OD plasticity.

Gene symbol (protein alias) Implicated Regulated Correlated

Ache Acetylcholine MD: down ODI: 0.6

Akap7 (AKAP15) PKA DR: up Ipsi: 0.6

Akt1 (PKB) CREB, IGF1 DR: up ODI: 0.6

Camk2d (CaMKlI-delta) Camkll DR: up Contra: 0.6

Cckbr (CCK2R) ERK, GABA receptors MD: down Contra: —0.6

Cd44 (PGP-1) CSPGs, ERK MD: up Ipsi: —0.7; ODI: —0.6
Crim1 IGF1 MD: up ODI: —0.6

Ctdsp2 (SCP2) Calcineurin DR: down; MD: down, up Contra: —=0.7
Dnajc5 (CSP) GABA receptors DR: up; MD: down Ipsi: 0.7

Gabrg2 (GABA-AR gammaz2) GABA receptors DR: up; MD: down ODIl: 0.6

Gnai1 (Gialpha1) Serotonin DR: up; MD: up Contra: —0.7

lgf1 CSPGs, ERK, IGF1 MD: down Contra: —0.6

Itpka Camkll MD: down Ipsi: 0.7; ODI: —0.6
Mapk8 (JNK1) ERK DR: up Contra: —0.7; Ipsi: —0.6
Nbea (neurobeachin) PKA MD: up Contra: —0.6
Ncam1 CSPGs, PSA DR: up ODI:0.7

Nfatc3 Calcineurin MD: up lpsi: 0.7

Nik ERK DR: down; MD: down Ipsi: 0.6

Npy5r (YBR) GABA receptors MD: down ODI: 0.6

Phf21a (BHC80) HDAC MD: up Contra: —0.6

Phip IGF1 MD: up ODI: —0.7; Ipsi: 0.6
Ppm11 (PP2C epsilon) Calcineurin DR: up ODI: —0.6
Ppp1rib (PP1 sub. 1b) Calcineurin, BDNF MD: up ODI: 0.6

Prkaca (PKA cat. sub. a) PKA DR: up; MD: down, up Contra: 0.6

Rbbp4 HDAC MD: up Contra: —0.7

Rtn4 (Nogo-A) Myelin-related receptors DR: down Contra: —0.7
Slc1a3 (GLAS) GABA receptors DR: up Contra: 0.7

Slit2 CSPGs MD: down Ipsi: —0.8; ODI: 0.6
Socs2 IGF1 DR: up Ipsi: 0.7

Spock3 (testican-3) CSPGs MD: up Ipsi: 0.7

St8sial (GD3 synthase) PSA MD: up Contra: 0.6

Zfp207 (Zep) CSPGs DR: down; MD: up Ipsi: 0.6

The table shows the 32 genes present in all three lists (correlated, implicated, regulated). The Implicated column lists the pathway by which genes were previously

implicated in OD plasticity. The Regulated column indicates under which condition genes were up- or down regulated, where DR is dark rearing and MD is short-term

monocular deprivation. A gene can be up and down regulated simultaneously, when there are multiple probes and splice variants. The Correlated column lists the

correlating OD plasticity phenotype with its corresponding correlation value.

Table 3 | Fractions of likely or known candidates.

List # #lmplicated #Known or likely #Known or likely/#implicated (%) Enriched (p-value)
Regulated 4404 196 20 10 0.07
Correlated 3486 112 12 1 0.1
Regulated and correlated 404 32 6 19 0.01

This table shows that the regulated gene list and the correlated gene list both contribute to the enrichment of the candidate list with known and likely genes.

plasticity genes we assumed that such genes would be associ-
ated with biological events or signaling pathways that were at least
loosely implicated in cortical plasticity, and that the genes would be
regulated by visual experience. In practical terms this means that
we created two additional lists of genes that adhered to these crite-
ria and selected the genes that were in the intersection of the three

lists. The first list (implicated gene list) was based on the literature.
Signaling pathways and cellular processes known to play a role in
OD plasticity were selected and used as terms in gene ontology
searches. This resulted in a set of 830 genes potentially related to
OD plasticity. While this list limits the possibility to discover can-
didate genes in entirely new signaling pathways it certainly does
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not exclude this, as the genes on the list are obviously not restricted
to the implicated pathways. The second list contained genes from a
micro-array study identifying genes regulated upon MD or rearing
mice in the dark. This regulated gene list contained 4404 unique
genes, 404 of these also were present on the correlated gene list. In
total 32 genes were present in all three gene lists and thus regulated
by visual experience, correlated with OD plasticity and associated
with cellular events implicated in plasticity in the visual cortex.

KNOWN AND LIKELY CANDIDATES

For six of the candidate genes, Igf1, Ncam1, Rtn4, Prkaca, Gabrg2,
Ache, there is good evidence for a role in OD plasticity. Evidence
that the cell adhesion molecule NCAM1 is involved in OD plastic-
ity comes from a study by Di Cristo et al. (2007). In this study,
the removal of PSA polymers attached to NCAM1 resulted in
enhanced inhibitory synaptic transmission and an earlier onset of
OD plasticity. The second such gene is Igfl. The pathway around
insulin-like growth factor-1 (IGF-1) was identified by Tropea et al.
(2006) as regulated after MD. Furthermore, they showed that
exogenous application of IGF-1 prevents the physiological effects
of MD on OD plasticity. Ciucci et al. (2007) blocked IGF-1 in
the visual cortex of rats housed in an enriched environment and
showed that IGF-1 affected perisomatic inhibition and the con-
densation of chondroitin sulfate proteoglycans in perineuronal
nets. There is also direct evidence for the involvement in OD plas-
ticity of the third gene in the list, Rtn4, encoding Nogo-A. McGee
etal. (2005) showed that mice in which NGR, the Nogo-receptor,
was knocked out, showed continued OD plasticity long after the
normal end of the sensitive period. The catalytic subunit of cAMP-
dependent protein kinase A (PKA), coded by Prkaca, is another
usual suspect. Pharmacologically inhibiting PKA in cat blocked
an OD shift after MD in the sensitive period (Beaver et al., 2001)
and mice lacking the RII alpha subunit of PKA have a reduced OD
shift (Rao et al., 2004). The fifth gene very likely to be essential
for OD plasticity is Gabrg2, coding the GABA(A) receptor subunit
gamma2, which is obligatory for GABA(A) receptor expression
on the cell surface (Schweizer et al., 2003). Much previous work
has implicated the GABAergic system in sensitive period plasticity
(e.g., Huangetal., 1999; Fagiolini and Hensch, 2000; Fagiolini et al.,
2004; Harauzov et al., 2010; Heimel et al., 2011). And last, the gene
encoding acetylcholinesterase (Ache), the enzyme responsible for
inactivating the neurotransmitter acetylcholine, is likely to regu-
late OD plasticity as previous studies provide clear evidence for the
role of cholinergic signaling (Bear and Singer, 1986; Gu and Singer,
1993). In particular, injection of an acetylcholinesterase inhibitor
restored normal vision in amblyopic mice (Morishita et al., 2010).

KINASE CANDIDATES

The possible role of each of the other 26 candidate genes is not as
immediately obvious, despite the fact that they are by definition
associated with signaling pathways or cellular events known to be
linked to OD plasticity. On the list are five kinases besides PKA.
Protein kinase B (AKT1) is a serine/threonine kinase involved in
many pathways and was present in the implicated gene list as
member of the IGF-1 signaling cascade (Cheng et al., 2000). Phos-
phorylated AKT1 was significantly reduced by MD and restored by
addition of IGF-1 (Tropea et al., 2006), probably by activation of

PI3K. Interestingly, one role of AKT1 in the brain is the phospho-
rylation of GABA-A receptors which leads to enhanced GABAergic
synaptic transmission (Wang et al., 2003). This could be the path-
way through which AKT1 exerts its possible role in OD plasticity.
A second kinase on the list is the enzyme inositol trisphosphate
3-kinase A (ITPKA). This enzyme phosphorylates IP3, a second
messenger molecule which is also downstream of PI3K and thus
possibly affected by IGF-1. ITPKA was already suggested to play a
role in structural plasticity (Kim et al., 2004). It is highly enriched
in dendritic spines and also regulates the F-actin structure inde-
pendently of its kinase activity (Johnson and Schell, 2009). It is
unclear which of these functions, if any, would be its role in OD
plasticity, but Itpka knock-out mice have reduced synaptic plas-
ticity in the hippocampus (Kim et al., 2009). A third kinase, c-Jun
N-terminal kinase 1 (JNK1, or MAPKS) is one of the three JNKs,
and a member of the MAPK family. JNKs have been reported
to regulate short-term memory (Bevilaqua et al., 2003). MAPKS8
mutant mice show progressive learning impairment (Chang et al.,
2003). MAPKS8 contributes to mGluR-dependent LTD in the hip-
pocampus (Li et al., 2007) and could play a similar role in the
cortex. OD plasticity can be prevented by inhibiting MAPK (ERK)
signaling by MEK inhibitors (Di Cristo et al., 2001), but whether
MAPKS is also involved in OD plasticity remains to be tested. For
the other kinases on the list, there is little in the literature to suggest
how they could act on OD plasticity. This is the case in particu-
lar for nemo like kinase (NLK), and Ca?*/Calmodulin dependent
kinase 2 delta (CaMKII-delta), although the latter has already been
reported to be highly upregulated during the critical period in
the rat (Ossipow et al., 2004). The candidate list also contains
two anchoring proteins that help cAMP-dependent protein kinase
(PKA) to be in proximity to its targets (Edwards and Scott, 2000).
A-kinase anchoring protein 15 (AKAP15), also known as AKAP7,
localizes PKA to sodium channels where it may directly affect plas-
ticity levels. The PKA anchoring protein Neurobeachin (NBEA) is
involved in neuronal membrane protein trafficking (Wang et al,,
2000) and is required for the formation and functioning of central
synapses (Medrihan et al., 2009). Mutations in Nbea are thought
to cause autism (Castermans et al., 2003; Medrihan et al., 2009),
but a role in plasticity has not yet been shown.

OTHER CANDIDATES

Among the other candidates is the gene PpplIrlb, which codes
for the regulatory (inhibitor) subunit 1B of protein phosphatase
1 (PP1), better known as DARPP-32. PP1 is a serine/threonine
phosphatase which can suppress learning and memory (Genoux
et al., 2002), possibly through dephosphorylating CREB (Hagi-
wara et al., 1992). PP1 has a critical role in NMDA-dependent
LTD (Morishita et al., 2001). This makes a role for PP1 in OD
plasticity likely (Heynen et al., 2003), but still unproven. The gene
for ST8 alpha- N-acetyl-neuraminide alpha-2,8-sialyltransferase 1
(St8sial) entered our implicated gene list only through its onto-
logical link with St8sia2 (STX) and St8sia4 (PST), the enzymes
responsible for the polysialylation of NCAMI. It is better known
under the name GD3 synthase, and is one of the enzymes responsi-
ble for producing Sialic acid-containing glycosphingolipids (gan-
gliosides). Through double knock-out experiments of St8sial and
GM2/GD2 synthase (B4galntl), it was previously established that
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the expression of complex gangliosides is essential for the integrity
of the nervous system (Tajima et al., 2009). Moreover, Inokuchi
et al. (1998) showed that gangliosides play a role in synaptic
plasticity by manipulating their biosynthesis in cultured corti-
cal neurons, which resulted in upregulated neurite outgrowth
and functional synapse formation. Interestingly, elimination of
GD3 synthase also improves memory and reduces amyloid-beta
plaque-load in a mouse model for Alzheimer’s disease (Bernardo
et al., 2009). Another interesting candidate gene is Cd44, coding
a transmembrane hyaluronan-binding glycoprotein involved in
axon routing (Sretavan et al., 1994). This glycoprotein is regu-
lated after nerve dissection and implicated in axon regeneration
(Jones et al., 2000). It is thus possible that regulation of CD44
may affect structural plasticity underlying OD plasticity. The final
candidates for which we can easily envision a role in OD plasticity
are receptors for peptides expressed in cortical interneurons, neu-
ropeptide (Npy)5-receptor, and cholecystokinin (CCK)2-receptor.
The NPY5 receptor is highly expressed in the entire rodent neocor-
tex (Wolak et al., 2003). It was already suggested that this receptor
modulates postsynaptic activity and that the neuropeptide Y/Y5
system has an effect on the modulation of certain GABAergic
neurons in the cortex (Grove et al., 2000), through which it may
modulate OD plasticity. CCK is a gut-brain peptide expressed in a
subset of interneurons. The CCK2-receptor has been implicated in
anxiety, learning, and memory, mediation of pain and regulation
of feeding (Noble and Roques, 1999). It has been found to have
effects on dopaminergic (Altar and Boyar, 1989) and GABAergic
transmission (Miller et al., 1997; Foldy et al., 2007) through which
it may affect plasticity in the visual cortex.

In conclusion, by taking a subsection of genes correlated with
the amount of OD plasticity, regulated in conjunction with the
critical period, and implicated in pathways associated with ODP,
we identified 32 candidate genes that are possibly involved in OD
plasticity. For six of the candidates, it would be surprising if they
do not play a role. The other genes are novel candidates for regu-
lating cortical plasticity and it will be of great interest to confirm
their involvement in plasticity in vivo and to dissect the underlying
mechanisms.
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