
Striatal development involves a switch in gene expression
networks, followed by a myelination event: implications for
neuropsychiatric disease

Gabriela Novak1,2, Theresa Fan1, Brian F. O’Dowd1,2, and Susan R. George1,2,3

1Centre for Addiction and Mental Health, 250 College Street, Toronto, Ontario, Canada M5T 1R8
2Department of Pharmacology, University of Toronto, 1 King’s College Circle, Toronto, Ontario,
Canada M5S 1A8
3Department of Medicine, University of Toronto, 1 King’s College Circle, Toronto, Ontario,
Canada M5S 1A8

Abstract
Because abnormal development of striatal neurons is thought to be part of pathology underlying
major psychiatric illnesses, we studied the expression pattern of genes involved in striatal
development and of genes comprising key striatal-specific pathways, during an active striatal
maturation period, the first two postnatal weeks in rat. This period parallels human striatal
development during the second trimester, when prenatal stress is though to lead to increased risk
for neuropsychiatric disorders.

In order to identify genes involved in this developmental process, we used subtractive
hybridization, followed by quantitative real-time PCR, which allowed us to characterize the
developmental expression of over 60 genes, many not previously known to play a role in
neuromaturation. Of these 12 were novel transcripts, which did not match known genes, but which
showed strict developmental expression and may play a role in striatal neurodevelopment.

We show that during the first two postnatal weeks in rat, an early gene expression network, still
lacking key striatal-specific signaling pathways, is downregulated and replaced by a mature gene
expression network, containing key striatal-specific genes including the dopamine D1 and D2
receptors, conferring to these neurons their functional identity. Therefore, before this
developmental switch, striatal neurons lack many of their key phenotypic characteristics. This
maturation process is followed by a striking rise in expression of myelination genes, indicating a
striatal-specific myelination event.

Such strictly controlled developmental program has the potential to be a point of susceptibility to
disruption by external factors. Indeed, this period is known to be a susceptibility period in both
humans and rats.
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Introduction
The goal of this study was to analyze the developmental gene expression within the striatum
during an active neuromaturation period. Evidence, showing that this is a susceptibility
period in both rats and humans, suggested that there is an important developmental process
in progress during this time, the classification of which may advance our understanding of
striatal neuromaturation and of diseases resulting from its abnormal completion.

The striatum is an important signaling hub of the brain, collecting information and
distributing it to a number of targets. It receives extensive glutamatergic inputs from the
cortex, the thalamus, the hippocampus, and the amygdala. It integrates this information and
conveys it to its targets through basal ganglia output nuclei: the globus pallidus, subthalamic
nucleus, substantia nigra, and the ventral tegmental area (VTA) (reviewed in (Bolam et al.,
2000; Kreitzer and Malenka, 2008)). Over 95% of striatal neurons are GABAergic medium
spiny neurons (MSNs) (Matamales et al., 2009). The remainder of the neuronal population is
composed of GABAergic and cholinergic interneurons, which modulate MSN function
(Tepper and Bolam, 2004).

There are two types of MSNs, each forming one of two major output pathways of the
striatum. MSNs which express dopamine receptor type 1 (D1R) and dynorphin form the
direct pathway to substantia nigra, while MSNs expressing dopamine receptor type 2(D2R),
enkephalin and substance P project to globus pallidus, before reaching substantia nigra, and
form the indirect pathway (Gerfen, 1992). These exert opposing effects on one of the major
MSN signalling cascades involving adenylyl cyclase (AC), cAMP and cAMP-dependent
protein kinase (PKA), which is an important regulator of neuronal function (Sibley, 1995).
D2Rs also activate the Gβγ-IP3 pathway and generate Ca2+ influx (Hernandez-Lopez et al.,
2000). In addition to their differential dopamine receptor expression, the striatonigral and
striatopallidal neurons differ significantly in their expression of other signalling pathways, in
particular in expression of NMDA (Jocoy et al., 2011), AMPA (Deng et al., 2007) and
adenosine receptor subunits (Schiffmann et al., 1991), as well as neuropeptides (Gerfen and
Young, 1988) and cannabinoids (Laviolette and Grace, 2006). Because of their very
different properties (Alexander et al., 1986), imbalance in these two pathways has been
implicated in diseases such as Huntington’s, Parkinson’s, bipolar disorder, depression and
schizophrenia (Dujardin and Laurent, 2003; Simpson et al., 2010; Thomas, 2006).
Specifically, abnormal expression of the D2R, which is the primary site of action for all
antipsychotics, has been strongly linked to the etiology of schizophrenia (Seeman, 2011).
Hence, the establishment of proper balance of D1R and D2R expression during striatal
neurodevelopment is essential. Furthermore, evidence supports the hypothesis that
dysregulation of MSN function observed in neuropsychiatric disease may result from an
alteration in an early neurodevelopmental process (reviewed in (Crittenden and Graybiel,
2011; Welham et al., 2009)). A number of variables including stress, nutritional deficiencies
(Bao et al., 2012) and immune challenge (Meyer, 2011; Meyer et al., 2011) during the
second trimester of human development (Mednick et al., 1994; Mednick et al., 1988), a
period when the striatum is undergoing active neurodevelopment, are thought to be able to
induce such alterations (reviewed in (Brown and Patterson, 2011; Palomo et al., 2002)).

Because the striatum has many pathways connecting to many brain regions, and because its
dysfunction is associated with a number of neuropsychiatric disorders (Dujardin and
Laurent, 2003; Meyer-Lindenberg et al., 2002; Simpson et al., 2010; Thomas, 2006), the
neuromaturation period of the striatum warranted a detailed study. Since the equivalent stage
of striatal development in rats occurs during the second postnatal week of life (Clancy et al.,
2001), we were able to analyze this critical progression of striatal maturation in a postnatal
animal model.
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The striatal expression of candidate genes, such as D1 and D2 dopamine receptors, and
genes known to be involved in striatal development, was examined during the second
postnatal week in rat. We then used the subtractive hybridization method to identify
additional genes involved in this process. In total we have classified the developmental
expression of over 60 genes, many previously not known to participate in the developmental
process. This includes several novel transcripts, which do not match the sequence of any
known genes, but which are strictly developmentally regulated.

We show that striatal neurons undergo a controlled transformative neuromaturation program
during the second postnatal week in rat. During this period, an entire network of early gene
transcripts became down-regulated and replaced by a mature transcriptional network. This
mature network included the D1 and D2 dopamine receptors, which exhibited a steep rise in
expression during the second postnatal week. It also included many genes used as MSN
markers, which represent key MSN-specific pathways. This maturation process was
followed by a striking myelination event, with a steep upregulation of myelin-related genes,
which may represent another point of susceptibility, as expression of these genes was shown
to be altered in response to immune system activation (Fatemi et al., 2008; Leitner and
Connor, 2012; Tatar et al., 2010).

In summary, we show that immature striatal neurons do not express many genes essential for
their MSN-specific function until the end of the second postnatal week. Because they gain
their full projection neuron identity during this neurodevelopmental process, it’s abnormal
completion may be of high relevance to neuropsychiatric diseases thought to result from
abnormal striatal neuron development. This is further supported by observations that this
period is a known susceptibility period for the later development of psychiatric illness
(Boksa and El-Khodor, 2003; Brown and Patterson, 2011; Egan and Weinberger, 1997;
Fredriksson et al., 2004; Hansen et al., 2004; Keshavan and Murray, 1997; Mednick et al.,
1994; Palomo et al., 2002). Hence, disruption of this process by environmental insults may
play a significant role in the etiology of neuropsychiatric disease.

Methods
Animals

All procedures with animals were performed in accordance with guidelines from the
Canadian Council on Animal Care and were approved by the University of Toronto Animal
Care Committee. Sprague Dawley rats (Charles River, St. Constant, Quebec, Canada) were
housed one litter per cage and maintained on a 12h:12h light:dark schedule with free access
to food and water.

Tissues
Animals were euthanized by carbon dioxide overdose. Tissues were dissected and quickly
frozen in precooled tubes on dry ice. Tissues were collected at 2pm,starting at postnatal day
1 (P1) through P25 and in adulthood, at 14 time points, using three animals per each time
point per each of three experiments. Rat brain tissue for P1, P4 and P6 samples were pooled
from 7, 4, and 3 animals, respectively. Several litters were used to avoid variations.

RNA extraction
Total RNA was extracted using the Aurum fatty tissue RNA extraction kit (BioRad, cat. #
732–6820) and treated with DNase. The RNA concentration was determined through
absorption at 260 nm using the Nano Drop instrument (Fisher Scientific).
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cDNA synthesis
The SUPERSCRIPT IIITM First-Strand Synthesis System for RT-PCR (Invitrogen,
Carlsbad, CA) was used to prepare cDNA, using oligo (dT)20 and 2 μg of total RNA as per
manufacturer’s instructions. The cDNA was treated with 1 μl RNase H and then stored at
−20°C.

QRT-PCR
Primers were designed using Primer Express 3.0 software and synthesized by SIGMA-
Genosys (Oakville, Ontario). Standard templates of 90–150bp in length were generated by
PCR, purified using Invitrogen Pure Link PCR Micro Kit (K310050) and their concentration
determined using Nano Drop Spectrophotometer. The cDNA levels within samples were
determined using quantitative real-time PCR (QRT-PCR) on an ABI ViiA™ 7 Real-Time
PCR System using the Maxima® SYBR Green/ROX qPCR Master Mix (2X) (cat. #
K0223). 2 μl of 1/10 cDNA dilution (or 2 μl of standard) were used per PCR reaction. The
primers used are listed in Table SIV. Dilutions were made to flank the concentration of the
template within the sample at least 100 times above and below their concentration, with
slope of the standard curve near or at 3.3. The accuracy and precision was measured as %
deviation from known concentration of a standard within concentration range of the samples
and a SD of triplicate repeats, respectively. The values were standardized per total RNA and
per β-glucuronidase levels.

Subtractive hybridization
Total RNA was extracted as described. The mRNA was isolated (Sigma Gen Elute mRNA
kit) and subtracted using the Suppression Subtractive Hybridization (SSH) cDNA
Subtraction Kit (Clontech) to selectively amplify differentially expressed genes. This
method is optimal for identification of rare transcript target cDNAs. P4 (driver) and P21
(tester) were used to identify candidate genes of the mature transcriptional network. The
tissues were used in reverse order (P21 driver, P4 tester) to identify candidate genes of the
early transcriptional network. The resulting cDNA templates were run on 1% agarose gel,
extracted, cloned into a vector (Clone Jet, Fermentas), transfected into E. coli and amplified
directly from bacterial colonies. The PCR was cleaned using Invitrogen Pure Link PCR
Micro Kit (K310050) and the template sequenced by The Centre for Applied Genomics
(TCAG, Toronto, Ontario) using primers complementary to the vector. Transcripts were
matched to rat reference sequences in the NCBI database using BLAST. Developmental
striatal expression was determined by QRT-PCR.

Results
Developmental expression

Developmental expression of DRs, associated factors and striatal-specific genes (Crittenden
and Graybiel, 2011; Gerfen, 1992; Gerfen and Young, 1988; Lobo et al., 2006) was
determined starting at postnatal day 1 (P1) through P25, at 14 time points, using quantitative
real-time PCR (QRT-PCR) (Figure 1) For detailed information see Supplement Figure S1
and Table SI. Each time point is represented by three independent striatal samples (three
animals, Figure S2-A). The data were standardized to total RNA, as well as to β-
glucuronidase, which we have shown to be a housekeeping gene with a stable expression in
both the early postnatal and adult brain (Novak and Tallerico, 2006). Both standardization
methods yielded the same expression pattern. Therefore, there was no variation due to RNA
degradation or cDNA synthesis (expression per total RNA is shown). Error bars represent
standard error of the mean (SE) (Figure S2-B).
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The results indicate that two distinct and mutually exclusive transcriptional networks were
present within the rat striatum during the first two postnatal weeks. As expected, each of
these transcriptional networks contains genes which fulfill specific requirements of the
particular developmental stage (Table I) (For full names and brief description of function,
see Supplement Table SI). Expression in pg cDNA is considered equivalent to expression in
pg mRNA, as cDNA synthesis is expected to produce cDNA in 1:1 ratio to mRNA, hence
values are listed as pg mRNA per mg total RNA.

The early transcriptional network
This group of genes became downregulated within the first week after birth and include
early transcription factors (TFs) essential for MSN differentiation (Figure 1, Figure S1).
However, some persisted longer throughout this period than others, likely indicating their
position in the signaling/transcriptional pathway hierarchy (Ang, 2006)(Figure S1). Figure
S1 shows the expression of genes as % of the maximum expression during this period in
order to account for varying scales of expression. This group of genes includes early
transcription factors (TFs) essential for MSN differentiation, such as Ebf-1 andCtip2, factors
which regulate striatal D1R gene expression including Brn4, RARBV1 and RXRg, and
transcription factors such as AUF1 and Ikaros, which regulate expression of MSN-specific
genes such as enkephalin, an opioid peptide expressed by the striatopallidal MSNs (Table
SI).

The mature transcriptional network
These genes became upregulated during the second week of life and peaked at P14, after
which they leveled off to adult levels (Figure1)(Table SI, Figure S1). This group includes
many genes essential for MSN-specific functions, also used as MSN markers. For example,
the D1R neuron-associated opioid peptide dynorphin, which acts to inhibit dopamine
release, and the opioid peptide enkephalin expressed by D2R neurons, as well as neurokinin
B (NKB), at achykin in which modulates AMPA and GABA signaling in MSNs. Another
member of this group is CaMK II (calcium/calmodulin-dependent protein kinase II), a key
downstream effector which bridges the DA and Ca2+ signalling pathways, dysregulation of
which has been linked to the etiology of schizophrenia (Greenstein et al., 2007; Novak and
Seeman, 2008; Novak et al., 2006).

Of note is that genes known to be expressed by the striatonigral neurons (such as D1R,
dynorphin) peaked in exact synchrony with genes expressed by the striatopallidal neurons
(D2R, enkephalin, Adora2a), indicating that both types of projection neurons matured along
the same timeline.

Transitional genes
These genes are expressed only during the period between the early and the mature MSN
gene expression networks and may play an important role in the transition between the two
transcriptional networks. The dopamine receptor regulating factor, DRRF, a regulator of
expression of the D1R and D2R genes, closely paralleled the expression of dopamine
receptors (Figure S2-C). It was upregulated during the second postnatal week, peaked at
P14, along with the D1R and D2R transcripts, and was sharply downregulated thereafter to
the adult level, similar to its pre-P7 expression.

Frontal cortex
Frontal cortex tissues from the same animals were processed simultaneously with the striatal
tissues. The gene expression of DRs within the frontal cortex indicated that the switch in
gene expression networks that occurred during the first two postnatal weeks in striatum was
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not present in the frontal cortex (Figure S2-B), likely because frontal cortex in rat develops
earlier than the striatum.

Subtractive hybridization
Subtractive hybridization of mRNA from P4 and P21 striatal tissues was performed to
identify genes of the mature network, i.e. expressed at P21 but not P4. Genes of the early
transcriptional network were identified through a subtraction using these tissue sources in
the reverse order. Transcripts were matched to NCBI rat genomic sequence and rat mRNA
reference sequences. In case of no available rat mRNA reference sequence match, a search
for homology to non-reference rat mRNA, Ests and mouse mRNA sequences was performed
(Table SI). The developmental expression was confirmed in striatal tissues, showing that the
transcripts are developmentally expressed during the first two postnatal weeks. Expression
was determined using primers specific to the cloned sequence. Over 95% of templates
analyzed showed the predicted developmental pattern according to the type of subtraction
performed, which indicated that the subtraction procedure was successful. All novel
transcripts were numbered S01 through S11, the cloned sequence and primers used are
provided in Supplemental Table SIII.

S01
A correlation in expression was noted for the novel template S01 and FoxP1, which showed
not only nearly identical expression patterns, but were expressed at an uncommonly similar
mRNA levels (Figure S3).

S07
Template S07 showed a developmental expression pattern highly similar to that of D2R and
DRRF (Figure S3).

New splice variant of Rapgef5
We also identified a new splice variant of the Rap guanine nucleotide exchange factor 5
(Rapgef5). Rapgef5 was expressed at high level at P1, decreasing to about half of its P1
expression by P18. The cloned sequence contained additional five exons, 5′ of the currently
known first exon and an alternative splice site in the original exon 1 (Table SIII, Figure S4).
To confirm the expression of this splice variant in P2 tissues, we have designed primers
specific to this splice variant. Amplification yielded a single band of the correct size,
indicating that this splice variant is expressed in early postnatal striatum. The developmental
expression of this splice variant has been confirmed and follows the same pattern as was
determined using original primers designed to the 5′ end of the template, which is common
to both the new splice variant and the reference sequence published by NCBI.

Additional candidate templates
Templates obtained through subtractive hybridization, but for which developmental
expression is yet to be confirmed are listed in Table SII. In total, this group contains 89
additional templates.

Myelination event
Between P14 to P17 myelination-related genes underwent a dramatic increase in expression,
indicating that a myelination event was under way (Figure 1), (Table SI). The expression of
myelin basic protein (MBP), myelin-associated glycoprotein (MAG), myelin-
oligodendrocyte glycoprotein (MOG), phospholipid protein 1 (Plp1), and transferrin (Tf)
surged at the mRNA level between P11and P17by10, 400%, 1700%, 1900%, 9,400% and
4,800%, respectively. (i.e. the expression increased 104, 17, 19, 94, and 48 fold from P11 to
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P17, with most of the increase occurring between P14 and P17). After the peak at P17, their
expression plateaued. four days after the expression of genes belonging to the “mature
MSN” transcriptional network has leveled off (Figure 1).

Discussion
The objective of this study was to analyze striatal neurodevelopment in the rat during the
first two postnatal weeks, a period which corresponds to the second trimester in humans
(Clancy et al., 2001), when environmental factors such as infection or stress are known to
lead to an increase in susceptibility to later development of neuropsychiatric disease,
including schizophrenia (Boksa and El-Khodor, 2003; Egan and Weinberger, 1997;
Fredriksson et al., 2004; Hansen et al., 2004; Mednick et al., 1994)(reviewed in (Brown and
Patterson, 2011; Keshavan and Murray, 1997; Palomo et al., 2002)). Specifically, the human
day 116 post conception (PC) (birth at 270 PC, hence 3.9 gestational month) in limbic
development corresponds to rat P7 in striatal development, and 152 PC days in human
limbic development (5.1 months) corresponds to P14 in rat striatal development (Clancy et
al., 2001).

However, until now the only indication that striatal neurons are undergoing changes during
these first two postnatal weeks was evidence that the GABA and the NMDA receptors
undergo alteration in their subunit composition (Lau et al., 2003). We show that striatal
neurons undergo changes that are far more extensive. Our data show that there is a strictly
timed maturation program under way within the striatum during the first two postnatal
weeks in rat, which results in a complete metamorphosis of gene expression. An entire
transcriptional network, responsible for early postnatal striatal development and still lacking
genes that define mature striatal neurons, became downregulated and replaced by a
transcriptional network characteristic of mature MSN neurons. Therefore, the striatum, a
structure known to be involved in the etiology of diseases such as Huntington’s,
Parkinson’s, bipolar disorder, depression and schizophrenia (Dujardin and Laurent, 2003;
Simpson et al., 2010; Thomas, 2006)(Simpson et al., 2010), undergoes an intensive
developmental program during this key period. Understanding this process and how it may
be altered will likely provide us with an important insight into the pathological changes that
may predispose an individual to the later development of disease.

The early transcriptome, which became downregulated during the first postnatal week,
contained a range of early transcription factors, many of which are known to be involved in
striatal neurodevelopment. These include factors associated with the expression of genes of
the striatonigral neurons, such as Brn4, CART and Ebf, or genes expressed by the
striatopallidal neurons, such as Auf1 and Ikaros, or factors involved in general MSN
differentiation, including Ctip2, RARbV1 and RXRg (see Table 1).

Before the second postnatal week, striatal neurons lacked their MSN phenotype as defined
by the expression of MSN markers, which represent essential MSN-specific pathways. It
was during the second postnatal week that genes of the mature transcriptome became
upregulated within the striatum, giving the neurons their MSN functional identity, as well as
a means of communication with each other and with their interneurons. These included the
D1 and D2 dopamine receptor genes, as well as CaMKIIα, CaMKIIβ and DARPP-32,
which are an important part of the dopamine receptor downstream signaling pathway.
BothD2R and CaMKIIβ have been linked to schizophrenia (Greenstein et al., 2007; Novak
and Seeman, 2008; Novak et al., 2006). The transcription factor Dream and its target,
dynorphin, an endogenous opioid which is coexpressed with D1R and tonically inhibits the
mesolimbic dopamine system, also became upregulated during this period (Buxbaum, 2004;
Schwarzer, 2009). Enkephalin, another endogenous opioid which provides inhibitory
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neuromodulation (Harkany et al., 2008) and is coexpressed with the D2R, as well as
neurokinin B and its receptor (NKB-R)(Bodnar, 2007), also came online during the second
postnatal week. NKB modulates both DAergic and GABAergic signaling in the striatum
(Preston et al., 2000; Zhang et al., 2008). D1R & D2R, CaMK II, DARPP-32 and NKB
(Furuta et al., 2000) are genes specifically only expressed by MSNs and not present in
striatal interneurons. We observed that genes known to be expressed by the striatonigral
(D1R-expressing) neurons peaked at the same time as genes expressed by the striatopallidal
(D2R-expressing) neurons, indicating that the maturation of both lineages is synchronized.

The dopamine receptor regulating factor, DRRF, a transcription factor that regulates the
expression of D1 and D2 dopamine receptors, became transiently expressed during this
maturation process. It perfectly paralleled the expression of the D1 and D2 receptor genes
and was quickly downregulated after the peak at P14. Therefore, it likely participates in the
neurodevelopmental upregulation of DR expression. However, it is possible that DRRF also
participates in controlling the expression of many other genes during this period (Hwang et
al., 2001; Lee et al., 2008).

In order to more fully classify this neurodevelopmental process, we performed a subtractive
hybridization of tissues before and after the second postnatal week. This allowed us to
identify additional genes which participate in the neurodevelopmental switch. The
transcripts identified were strictly developmentally expressed and each belonged to either
the early or the late transcriptomes, but not both (genes of early network are underlined,
genes of the mature network appear in bold below). Some of these genes were previously
known to play a role in neurodevelopmental disease, but most were not known to play a role
in the striatal neurodevelopmental process (Table I, Table S1). Among these were genes
involved in signaling, such as Clk4, Akap8 and Rapgef5, as well as transcription factors
including Ccrn4, Trim28, Nflb and FoxP1. We also isolated genes involved in the
glutamatergic pathway, such as Slc1A2 and Grina, or in G-protein signaling, such as
NM23B, Gnb4, Adora2a and Gpr158. Genes known to be involved in outgrowth and
development also formed a large group including Ablim3, Dpysl3, Cdh4, Ube2v1 and genes
involved specifically in neural migration such as Tubb2b, Tubb3, Epha4 and Fbxl16. One
significantly large group was formed by myelination-related genes, these include MBP,
Plp1, Mobp, Tf, Mag, and Mog.

In addition to transcripts of known genes, we have identified 11 novel templates (S01–S11)
(the DNA sequences of these clones are listed in Table S III). These are developmentally
expressed and match rat genomic DNA sequence, with most also matching expressed
sequence tags (Ests) within the NCBI database. There was no sequence homology among
these templates. Some code for novel, hypothetical, proteins.

Of special interest is theS01transcript (Figure S3). In most cases the expression pattern of
individual genes is very unique. An exception occurs when, as noted by others (Bithell et al.,
2003), two genes participate in the same process or are controlled by the same mechanism.
We observed such correlation for the adenosine 2A receptor (Adora2A) and the D2R. Adora
2A receptors are coexpressed with D2R, form heterodimers and modulate D2R signaling
(Schiffmann et al., 2007). High similarity in expression patterns is also observed between
the dopamine receptor regulating factor, DRRF, and the D2R. It is, therefore, of note that the
pattern and even the magnitude of expression of S01 is identical to the expression of FoxP1
(S3A). Hence S01 may be a novel factor participating in the same developmental process
governed by FoxP1, which is thought to play a role in the development and formation of a
circuit in the basal ganglia necessary for sensorimotor integration (Teramitsu et al., 2004)
involving the matrix neurons (Tamura et al., 2004). Another template of interest, S07,
showed a high homology to the developmental expression of the D2R and the DRRF.
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A number of the pathways involved in this neuromaturation process participate in guiding
neuronal migration. Striatal neurons form a patch and matrix pattern. The patch neurons
send projections to the substantia nigra embryonically, while the matrix neurons form these
projections during the early postnatal period (Fishell and van der Kooy, 1987; Fishell and
van der Kooy, 1989). The D1R promotes and D2R inhibits migration of GABAergic
neurons (Araki et al., 2007; Crandall et al., 2007), with GABARs also being critical for
neural migration (Ben-Ari et al., 2004; Goetz et al., 2007; Odeon et al., 2010). Hence,
alterations in this neurodevelopmental program, leading to abnormal DR expression, could
not only alter the signaling properties of MSN neurons, but also have the capacity to affect
neuronal migration of striatal matrix neurons. This would lead to an imbalance in the
number of patch and matrix projections and abnormal innervation of substantia nigra. Such
imbalance is thought to play a role in basal ganglia disease (reviewed by (Crittenden and
Graybiel, 2011)).

An additional 89 templates were identified, but their developmental expression has not yet
been determined (listed in Table SII). Given that over 95% of templates for which we have
determined expression were confirmed to be strictly developmentally regulated, this group
contains genes which are strong candidates as participants in the developmental process.

In addition to the switch in gene expression networks during the second postnatal week, we
have identified yet another developmental milestone within the striatum. About four days
after the conclusion of the switch in gene expression networks, a steep rise in expression of
myelination-related genes began, involving MBP, MAG, MOG, Plp1 and Tf. Tf in particular
plays an important role in early postnatal oligodendroglial cell differentiation (Connor and
Fine, 1987) and mediates the expression of other myelination genes including MBP and Plp,
and, hence, the level of myelination (Escobar Cabrera et al., 1994). The levels of Tf can be
altered through the activation of the immune system, such as in response to human influenza
virus infection, and lead to reduced Tf expression (Fatemi et al., 2008). This leads to a
decreases in the expression of Plp and MBP, hence affecting both the composition of myelin
and the level of myelination (Bartzokis et al., 2007; Connor and Fine, 1987)(reviewed in
(Leitner and Connor, 2012)). Therefore, an infection may lead to a defect in myelination
and, potentially, be a contributing factor to the etiology of neurological disease (Dusek et al.,
2012).

The myelination process is also extremely sensitive to the precise level of Plp expression
(Readhead et al., 1994). Proteolipid protein, PLP1, or lipophilin, the primary constituent of
myelin (Popot et al., 1991), plays an important role in brain-immune system interaction.
Inflammation during increased Plp levels can cause massive microglial cell activation and
axonal degeneration, with the upregulation of inflammatory markers including TNF-α
(tumor necrosis factor-α) and IL-6 (Tatar et al., 2010), known to be upregulated in
schizophrenia (reviewed in (Watanabe et al., 2010)). Therefore, infection resulting in
neuroinflammation during this key myelination event, when Plp levels are very high, may
lead to neural degeneration and/or hypomyelination. MOG could also play a role in
abnormal neurodevelopment. It is not only a mediator of interactions between the myelin
and the immune system, but is also a regulator of oligodendrocyte microtubule stability,
providing a link between activation of the immune system and oligodendrocyte function
(reviewed in (Johns and Bernard, 1999)). This is in line with observations that infection
during the end of the second trimester and beginning of third trimester may result in
neuropathology (Brown and Patterson, 2011; Egan and Weinberger, 1997; Mednick et al.,
1994; Mednick et al., 1988; Meyer, 2011; Meyer et al., 2011). Furthermore, both expression
(Hakak et al., 2001; Katsel et al., 2005; McCullumsmith et al., 2007) and association studies
(Ayalew et al., 2012) implicate genes involved in myelination, in particular MBP, MAG,
MOG and Tf, in neuropsychiatric disease (Ayalew et al., 2012; Davis et al., 2003; Felsky et

Novak et al. Page 9

Synapse. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



al., 2012; Hakak et al., 2001; Katsel et al., 2005; Martins-de-Souza et al., 2010;
McCullumsmith et al., 2007; Sokolov, 2007)(reviewed in (Davis et al., 2003)).

In summary, our results show that the striatum is undergoing a previously unknown, strictly
timed switch in transcription networks, followed by a wave of myelination, which may
predispose it to environmental insults during this period, leading to increased likelihood for
the development of neuropsychiatric disease. Therefore, the classification of this
developmental process may yield significant advances in our understanding of the
neurodevelopmental basis of neuropsychiatric disease.
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Figure 1. Developmental switch in gene expression networks
This figure shows the average expression genes, which are part of the early gene expression
network, genes that are part of the mature gene expression network, and of myelination
genes. The expression is shown as percent of maximal expression during this time period.
Early genes. This group of genes became downregulated within the first week after birth.
This graph is based on the expression of genes: Early B-cell factor (Ebf1), Ikaros (IKZF1),
retinoid X receptor G (RXRg), mediator of ARE-directed mRNA degradation (Auf1,
HNRNPD), chicken ovalbumin upstream promoter transcription factor-interacting protein 1
(Ctip2, B-cell CLL/lymphoma 11B, BCL11B), Brain-4 (Brn4, POU3F4), retinoic acid
receptor B splice variant 1 (RARbV1), cocaine-and amphetamine-regulated transcript
(CART) (Table SI, Figure S1).
Mature genes. These genes became upregulated during the second week of life and peaked
at P14, after which their expression approached adult levels. This group includes many
genes essential for MSN-specific functions, also used as MSN markers. The graph is based
on the expression of genes: dopamine receptor 1 (DRD1), dopamine receptor 2 (DRD2),
calcium/calmodulin-dependent protein kinase II alpha subunit (CaMKIIα) and beta subunit
(CaMKIIβ), Enkephalin, Dynorphin, dopamine-and cAMP-regulated phosphoprotein 32-KD
(DARPP-32, protein phosphatase 1 regulatory subunit 1B, PPP1R1B, neurokinin B (NKB,
tachykinin 3 TAC3), downstream regulatory element (DRE)-antagonist modulator
(DREAM, potassium channel-interacting protein, KCNIP3, calsenilin) (Table SI, Figure
S1).
Myelination genes. These include myelin basic protein (MBP), myelin-associated
glycoprotein (MAG), myelin-oligodendrocyte glycoprotein (MOG), phospholipid protein 1
(Plp1), and transferrin (Tf). The expression of these myelination genes peaks at P17, hence 3
days after a peak in the expression of DRs and other genes of the mature MSN gene
expression network (Table SI).
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