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To elucidate the molecular basis of the specialization of cortical
architectures, we searched for genes differentially expressed
among neocortical areas of Old World monkeys by restriction
landmark cDNA scanning . We found that mRNA of SLIT1, an axon
guidance molecule, was enriched in the prefrontal cortex but with
developmentally related changes. In situ hybridization analysis
revealed that SLIT1 mRNA was mainly distributed in the middle
layers of most cortical areas, robustly in the prefrontal cortex and
faintly in primary sensory areas. The lowest expression was in the
primary visual area. Analyses of other SLIT (SLIT2 and SLIT3)
mRNAs showed preferential expression in the prefrontal cortex
with a distinct laminar pattern. By contrast, the receptor
Roundabout (ROBO1 and ROBO2) mRNAs were widely distributed
throughout the cortex. Perinatally, SLIT1 mRNA was abundantly
expressed in the cortex with modest area specificity. Down-
regulation of expression initially occurred in early sensory areas
around postnatal day 60 and followed in the association areas. The
prefrontal area--enriched SLIT1 mRNA expression results from
a relatively greater attenuation of this expression in the other
areas. These results suggest that its role is altered postnatally and
that this is particularly important for prefrontal connectivity in the
Old World monkey cortex.
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Introduction

One of the most outstanding features of the primate cerebral

cortex is the marked enlargement of the association areas,

particularly the prefrontal cortex (Fuster 2002). Prefrontal

cortex plays essential roles in various cognitive functions, such

as planning, reasoning, attention, and decision making. Such

functions emerge both from local connections of neurons with

various intrinsic physiological properties and from connectional

interactions with other brain structures. Recent studies have

shown that the synaptic dynamics and local connectivity of the

prefrontal cortex are specialized to provide sustained neuronal

firing, as might be appropriate for supporting working memory

processes (Goldman-Rakic 1995; Wang 2001; Gonzalez-Burgos

et al. 2004). It is also reported that the pyramidal neurons of the

prefrontal cortex have more complex dendritic structures, with

more spines than neurons in other cortical areas. This is

interpreted as related to the ability to integrate a large number

of inputs (Elston 2003; Elston et al. 2006). Identification of

molecules that are specifically expressed in the prefrontal

cortex will be useful for understanding the mechanisms

underlying the functional specialization of neurons in this area.

We have been interested in the molecular basis of the

differentiation of cortical architecture across areas and have

identified several genes that are differentially expressed in

monkey neocortical areas (Tochitani et al. 2001; Watakabe,

Sugai, et al. 2001; Komatsu et al. 2005; Watakabe, Komatsu, et al.

2006; Watakabe et al. 2008; Takahata et al. 2009; Takaji et al.

2009). Among the screened genes, Retinol-binding protein 4

(RBP4) and Paraneoplastic antigen-like 5 (PNMA5) are

highly expressed in the sensory and prefrontal association areas

but are only poorly expressed in V1 (Komatsu et al. 2005; Takaji

et al. 2009). The area-specific expression pattern of these genes

was not observed in rodents. These findings suggest that

a unique set of genes in primates may endow cortical neurons

with the properties required for associative functions.

In a new round of screening, we found that SLIT1 mRNA is

highly expressed in the prefrontal cortex of monkeys. SLIT is

a family of axon guidance molecules, which is well conserved

in various species including invertebrates (Brose and Tessier-

Lavigne 2000). In Drosophila, SLIT is synthesized by midline

glia and functions as a chemorepellent factor for preventing

commissural axons from recrossing the midline (Rothberg et al.

1990; Kidd et al. 1999). The chemorepellent effect of SLIT is

mediated by Roundabout (ROBO), a family of transmembrane

receptor proteins (Kidd et al. 1998). Only one Slit gene is

known in invertebrates, whereas 3 Slit genes, Slit1--3, have

been identified in vertebrates (Brose et al. 1999). To date, 4

mammalian Robo homologues have been identified (Robo1--4)

(Kidd et al. 1998; Sundaresan et al. 1998; Yuan et al. 1999;

Huminiecki et al. 2002). All SLITs have been shown to bind to

all ROBOs with comparable affinity (Brose et al. 1999; Li et al.

1999; Sabatier et al. 2004). In mammals, SLIT/ROBO signaling is

known to play essential roles in the development of the

nervous system, including midline crossing, as observed in

Drosophila (Nguyen-Ba-Charvet and Chedotal 2002; Chedotal

2007), and disruption of Slit or Robo genes in mammals results

in misrouting of major projection tracts (Bagri et al. 2002;

Plump et al. 2002; Andrews et al. 2006; Lopez-Bendito et al.

2007). All Slit genes are also expressed in the postnatal stage
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(Marillat et al. 2002; Whitford et al. 2002), but the role of SLITs

after the axon guidance event remains to be determined.

To obtain an insight into the role of SLIT genes in cortical

organization, we performed detailed in situ hybridization (ISH)

analysis of SLIT and ROBO genes in various cortical areas of

macaque monkeys. Furthermore, we investigated SLIT1 mRNA

expression in the newborn cortex. Although there were

already modest area differences at birth, our results demon-

strate that the area- and laminar-specific downregulation of

SLIT1 mRNA occurs during postnatal periods and leads to its

prefrontal-enriched pattern in the macaque neocortex.

Materials and Methods

Experimental Animals
For restriction landmark cDNA scanning (RLCS) and semiquantitative

reverse transcription (RT)-polymerase chain reaction (PCR) analyses,

postmortem brain tissues of African green monkeys (Cercopithecus

aethiops) were obtained from the Japan Poliomyelitis Research

Institute, as previously described (Watakabe et al. 2008; Takahata

et al. 2009; Takaji et al. 2009). For histological analysis, brain tissues

were obtained from 10 macaque monkeys. Three macaques (Macaca

fuscata) whose body weights (BWs) were 2.9 kg (monkey A), 4.7 kg

(monkey B), and 4.8 kg (monkey C) were considered to correspond to

juvenile to young adult monkeys. We generally use the term ‘‘young

adult monkeys’’ in the text but specify the macaque monkey used for

each figure and table in the legend. Seven infant macaques (Macaca

fascicularis, postnatal day (P) 1 and P2, n = 1; P30 and P60, n = 2; M.

fuscata, P95, n = 1) were also used. All the experiments described here

were performed in accordance with the guidelines for animal experi-

ments of the Okazaki National Research Institute, Japan, and the

National Institutes of Health, United States.

RLCS Analyses
Differential gene expressions among 4 cortical areas shown in Figure 1A

(and see below) were identified by RLCS as previously described

(Suzuki et al. 1996; Shintani et al. 2004). Total RNAs were extracted

separately from the cortical areas as previously described (Watakabe,

Fujita, et al. 2001; Komatsu et al. 2005). Poly (A)
+
RNA was purified

using BioMag Oligo (dT)20 (PerSeptive Biosystems, Framingham, MA).

Double-stranded cDNAs were synthesized by reverse transcription.

They were digested with XmaI as the first restriction enzyme and with

HinfI as the second restriction enzyme for 2D gel electrophoresis.

Clones corresponding to differential spots were selected by restriction

fragment length polymorphism (RFLP) analysis. Thirty colonies

containing the inserts derived from a spot were subjected to colony

PCR, and the amplified fragments were digested using a 4-base cutter,

AluI. The sequence of the most frequent insert as revealed by RFLP was

determined by the dideoxy chain--termination method. On the basis of

this sequence, we designed the PCR primers (see Supplementary Table

S1), and the consistency of the area difference was confirmed between

2 individuals by semiquantitative RT-PCR.

Synthesis of RNA Probes
All the PCR primers for monkeys were designed on the basis of the

human sequence database. The cDNA fragments were obtained by RT-

PCR using the primers listed in Supplementary Table S1 and subcloned

into the pBlueScriptII vector. We used VGLUT1 as the marker of

glutamatergic excitatory neurons (Takamori et al. 2000; Fujiyama et al.

2001; Komatsu et al. 2005) and GAD67, a gamma-aminobutyric acid

(GABA)-synthesizing enzyme, for identifying GABAergic inhibitory

neurons (Fitzpatrick et al. 1987; Komatsu et al. 2005). We used more

than 2 types of probe per gene for SLIT1, SLIT2, ROBO1, ROBO2, and

VGLUT1 and confirmed that each probe exhibits the same patterns of

signal distribution (data not shown). After the initial confirmation, the

multiple probes were mixed together to enhance ISH signals. We also

confirmed that the sense probes detected no apparent signals above

the background level. The digoxygenin (DIG)- and fluorescein

isothiocyanate (FITC)-labeled riboprobes were produced using these

plasmids as templates for in vitro transcription. The concentration of all

the riboprobes used in this study was adjusted to 0.1 lg/lL, and they

were stored at –30 �C.

Tissue Preparation
For histological analysis, macaque monkeys were deeply anesthetized

with Nembutal (60 mg/kg, BW intraperitoneally, i.p. injection)

following ketamine pretreatment (16 mg/kg BW, intramuscularly, i.m.

injection) and perfused through the heart with warmed 0.9% NaCl

containing 2 U/mL heparin followed by ice-cold 4% paraformaldehyde

Figure 1. RLCS profiles for 4 different cortical areas. (A) Lateral surface view of
a monkey brain. Anterior is to the left and posterior is to the right. Major sulci are
indicated by lower case letters: ps, principal sulcus; as, arcuate sulcus; cs, central
sulcus; ips, intraparietal sulcus; sts, superior temporal sulcus; ios, inferior occipital
sulcus, and lu, lunate sulcus. Samples for RLCS analyses were taken from the 4
cortical areas in gray; frontal, temporal, motor, and visual areas. (B) A cDNA spot for
SLIT1 exhibited differential intensity in each of the RLCS gels for the 4 distinct areas
of the neocortex depicted in panel A. Each black arrowhead indicates the spot
corresponding to SLIT1 cDNA, which is located in the upper right position of the larger
spot that is observed in all areas (white arrowheads). Although the spots shown by
the white arrowheads were observed in all the areas, the signal intensity of SLIT1
spot in the visual area was lowest. (C) Semiquantitative RT-PCR demonstrated that
the SLIT1 mRNA expression level was the highest in the frontal area and lowest in the
visual area. Essentially the same result was obtained from 2 different individuals.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene was used as the control
for constitutive expression. vis, visual; tem, temporal; mot, motor; fro, frontal; and
som, somatosensory areas.
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(PFA) in 0.1 M phosphate buffer (PB, pH 7.4). After the removal from

the skull, the brains were postfixed in 4% PFA for 4--6 h at room

temperature and then cryoprotected in 30% sucrose in 0.1 M PB at 4 �C.
The tissue blocks were frozen on dry ice and stored at –80�C until use.

The frozen blocks were cut into 20- to 35-lm-thick sections using

a sliding microtome (ROM-380, Yamato-kohki, Saitama, Japan). The

sections were maintained in a cryoprotectant solution (30% glycerol,

30% ethylene glycol, and 40% 0.1 M phosphate-buffered saline [PBS], pH

7.4) at –30 �C until use.

In Situ Hybridization
Single-color ISH was carried out as previously described (Liang et al.

2000). Briefly, free-floating sections (35-lm thick) were soaked over-

night in 4% PFA in 0.1 M PB (pH 7.4) at 4 �C, treated with 0.5--5.0 lg/mL

proteinase K for 30 min at 37 �C, acetylated, and then incubated in

hybridization buffer containing 0.5--1.0 lg/mL DIG-labeled riboprobes at

60--65 �C. The sections were sequentially treated with 23 16.65 mM

NaCL, 16.65 mM trisodium citrate dihydrate (SSC)/50% formamide/0.1%

N-lauroylsarcosine for 15 min at 50 �C, twice; 30 min at 37 �C in RNase

buffer (10 mM Tris--HCl, pH 8.0, 1 mM ethylenediaminetetraacetic acid

[EDTA], 500 mM NaCl) containing 20 lg/mL RNase A (Sigma--Aldrich,

Saint Louis, MO); 15 min at 37 �C in 23 SSC/0.1% N-lauroylsarcosine,

twice; and 15 min at 37 �C in 0.23 SSC/0.1% N-lauroylsarcosine, twice.

The hybridized probes were detected with an alkaline phosphatase (AP)-

conjugated anti-DIG antibody using a DIG nucleic acid detection kit

(Roche Diagnostics, Basel, Switzerland).

Fluorescence double ISH was also performed as described previously

(Komatsu et al. 2005; Watakabe et al. 2007). Sections of 20-lm
thickness were used for double ISH. DIG- and FITC-labeled riboprobes

were used to detect the expressions of 2 genes. The prehybridization

and washing steps were carried out under the same conditions as the

single ISH. For the detection of the FITC probes, the sections were

incubated with an anti-FITC antibody conjugated with horseradish

peroxidase (Roche Diagnostics; 1:2000--1:8000 accordingly in 1%

blocking buffer) for 2--5 h at room temperature. After washing in

TNT solution (0.1 M Tris--HCl, pH 7.5, 0.15 M NaCl, 0.1% Tween 20) 3

times for 15 min, the sections were treated with 1:50 diluted TSA-Plus

dinitrophenyl hapten (DNP) reagents, the kit for tyramide signal

amplification (Yang et al. 1999), for 30 min in accordance with the

manufacturer’s instructions (Perkin--Elmer, Norwalk, CT), and the FITC

signals were converted to DNP signals. After washing in TNT 3 times for

15 min, the sections were incubated overnight at 4 �C with an anti-DNP

antibody conjugated with Alexa 488 (1:500, Molecular Probes, Eugene,

OR) in 1% blocking buffer for the fluorescence detection of the DNP

signals. At this step, an anti-DIG antibody conjugated with AP (1:1,000,

Roche Diagnostics) was included in the 1% blocking buffer for the

detection of the DIG probes. The sections were washed 3 times in TNT,

twice in TS 8.0 (0.1 M Tris--HCl, pH 8.0, 0.1 M NaCl, and 50 mM MgCl2)

for 10 min, and AP activity was detected using an 2-hydroxy-3-naphtoic

acid-2’-phenylanilide phosphate fluorescence detection set (Roche

Diagnostics). The incubation of this substrate was carried out for 20--40

min and stopped by washing in PBS containing 10 mM EDTA. The

sections were then counterstained with Hoechst 30442 (Molecular

Probes) diluted in PBS to 1:1000 for 5 min.

The images for the ISH were obtained by 2 methods: First, the low-

magnification photographs shown in Figures 2A and 5A were captured

using a flat-headed image scanner GTX-800 (EPSON, Tokyo, Japan).

Second, the images of all magnified views of the cortex were obtained

using a digital color camera DP70 (Olympus, Tokyo, Japan) attached to

a BX-51 microscope (Olympus). The brightness and contrast of images

were adjusted with Adobe Photoshop CS2 (Adobe Systems, San Jose,

CA). Although the sections for ISH shrank, the scale bars in the figures

are not adjusted for such shrinkage.

Cortical Areas Examined in Old World Monkey Brain
The cortical areas were identified using a brain atlas (Paxinos et al.

1999). For RLCS analyses, we compared the gene expressions among 4

cortical areas. Because the tissue was obtained from relatively large

areas, they were labeled as frontal, temporal, motor, and visual (Fig. 1A)

instead of area 46, TE, M1, and V1, which constitute only a part of these

samples. The exact locations of these areas are as follows: frontal, both

banks of the principal sulcus (ps); temporal, the region ventral to the

superior temporal sulcus (sts); motor, the anterior bank of the central

sulcus (cs); visual, the region posterior to the lunate sulcus (lu), and

superior to the inferior occipital sulcus (ios). In addition to the above

areas, the somatosensory area corresponding to the posterior bank of cs

was analyzed for semiquantitative RT-PCR.

Althoughwe investigated the expressions of SLIT1 and its related genes

in various brain regions, we limited our description to selected cortical

areas. To clarify how the area-specific expression patternwas formed (see

next section), we selected 6 cortical areas including 2 primary sensory

areas (visual, V1; somatosensory, area 3b), the primarymotor area, M1, and

3 association areas (prefrontal, area 46; parietal, PG; and temporal, TE).

Area 3b is a part of the primary somatosensory area, which consists of

different 4 subareas: areas 1, 2, 3a, and 3b (Burton and Sinclair 1996). The

above areas were selected because they have well-known functional

differences and represent hierarchically different positions in the cortical

circuit. Other areas selected for single ISH, secondary (V2) and third (V3)

visual areas were also described. For double ISH, we focused on area 46,

TE, and M1. Throughout the text, we use the terms V1, V2, V3, and M1

instead of areas 17, 18, 19, and 4, respectively.

Quantification of In Situ Hybridization Signals
We used 4 types of quantification methods to estimate mRNA

expression levels. For each quantification method, images were taken

using the same lamp voltage, condenser aperture, and exposure time.

First, to demonstrate the gross distribution of SLIT1 mRNA in the

macaque brain, the relative optical density (ROD) of ISH sections was

pseudocolored (Figs. 2A and5A). Thegray levelof eachpixel in ISHsections

was initially converted into ROD. A stronger labeling corresponded to

darker regions coded as red. All the processing was performed using an

image analyzer (Image Pro Plus, Media Cybernetics, Silver Spring, MD).

Second, to estimate the relative amount of SLIT1 mRNA in each

cortical area and layer of different ages (Figs. 3B and 6B), we

introduced ‘‘normalized staining intensity (NSI)’’ in accordance with

a method previously described (Meberg and Routtenberg 1991; Higo

et al. 1999). Briefly, we calculated normalized ROD from ISH sections

(ISH RODsignal -- ISH RODbackground). In this method, the mean gray level

in a region of interest (ROI) was converted into ROD using Image Pro

Plus. The measurement was performed in each layer of a 200-lm-wide

column from layers II--VI (ISH RODsignal). Three ROIs were set in each

cortical layer. Background RODs were sampled in each ROI from the

cell-free space in each layer (ISH RODbackground). We also calculated

normalized ROD from adjacent cresyl violet--stained sections (cresyl

RODsignal – cresyl RODbackground). This value represents the cell density

in each area. To compensate for differences in cell density between

areas and layers, we determined the ratio as follows:

Normalized signal intensity
�
NSI

�
=
�
ISHRODsignal – ISHRODbackground

�
��

cresyl RODsignal – cresyl RODbackground

�
:

Although SLIT1 mRNA signals were observed in layer I, signals were

too weak and sparse to estimate the correct staining intensity. Thus, we

omitted layer I from this analysis. For this quantification, we used 3

infants and 3 young adults. The SLIT1 mRNA expression patterns were

similar for the samples from P1, P2, and P30 monkeys, which enabled us

to compile data from these individuals for statistical analyses (infant,

Fig. 6B). On the basis of these data, we determined the ratio of NSI in

young adults to that in infants (young adult/infant) for supra and

infragranular layers of each area (Fig. 7). The ratio was useful for

confirming how the laminar distribution of SLIT1 mRNA was altered

postnatally among cortical areas.

Third, to compare the laminar patterns of different ISH signals (Fig. 4),

signals were extracted from the background component by converting

the 8-bit gray-scale images into binary images. The threshold used here

was set to the standard deviation beyond the average intensity of each

cortical section. Then, we calculated averaged values with respect to

each row to obtain the line profile in ROIs (100-lm bin, height of the

cortex through layer I to white matter) using Image Pro Plus.

Fourth, for double ISH experiments, cells double positive for the 2

genes of interest were manually counted (Tables 1 and 2) as previously

described (Takahata et al. 2006; Watakabe, Ohsawa, et al. 2006) with
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minor modification. Briefly, the images captured in 3 channels (ISH

signals in the red and green channels and Hoechst nuclear staining in

the blue channel) were layered into a single file. Next, Hoechst signals

were plotted on the blank layer to define the center position of the

nucleus. By displaying this plotted layer, the cells positive for red or

green ISH fluorescent signals were separately plotted onto other blank

layers manually as dots for later counting. After plotting the positive

cells for each of the 2 ISH images, the double-positive cells were

identified as the overlapping dots. After plotting the single- and double-

positive cells, the numbers of these dots were counted using Image Pro

Plus. Counting was performed in squared ROIs (100 3 100 lm2) set in

each layer. At least 5 ROIs were set in each layer. Note that our cell

counts provide the ratio and not the absolute numbers of the positive

cells. Although stereological method is not used, the risk of mis-

calculation is made minimal by providing the ratio (Saper 1996).

Results

Identification of SLIT1 cDNA by RLCS Analyses

To screen area-specific molecules in the monkey cortex, we

carried out screening by RLCS as previously reported (Watakabe

et al. 2008; Takahata et al. 2009; Takaji et al. 2009). In this

analysis, mRNAs were purified from 4 distinct cortical areas

(frontal, motor, temporal, and visual, Fig. 1A), converted to

cDNA by reverse transcription, and then digested with a pair of

restriction enzymes for 2D electrophoresis. As a result, we found

a spot that was very faint in the visual area compared with the

other 3 areas (Fig. 1B). Spot cloning and sequence analyses

showed that the cDNA corresponding to this spot was

homologous to the 3# UTR (untranslated region, 6408--6622

bp) of the human Slit homologue 1 (SLIT1) gene (Genbank;

NM_003061). To confirm the area specificity of SLIT1 mRNA

expression, we performed semiquantitative RT-PCR. The results

showed the same tendency of area difference as that for RLCS,

that is, the SLIT1mRNA expressionwas the highest in the frontal

area, with intermediate levels in the temporal, somatosensory

and motor areas, and the lowest in the visual area (Fig. 1C).

Laminar and Area Distribution of SLIT1 mRNA in
Cerebral Cortex

To investigate the expression pattern of SLIT1 in detail,

we performed ISH using a macaque cerebral hemisphere.

Figure 2. ISH Analysis of SLIT1 in Macaque Brain. (A) Coronal sections of a macaque monkey brain were obtained from the positions corresponding to a--e in the brain diagram
shown in (B). The representative 6 cortical areas (area 46, TE, PG, M1, area 3b, and V1) are magnified in Figure 3. Pseudocolor representations of the same sections in a--e are
shown in a#--e#. SLIT1 mRNA expression was observed in the entire cerebral cortex at variable levels. Note that the most intense signal was observed in the frontal pole section
(a,a#). These images are derived from monkey (B). A1, primary auditory area (core region); M1, primary motor area; V1, primary visual area; CC, cingulate cortex; Cl, claustrum;
HC, hippocampus; IN, insular cortex; LV, lateral ventricle; PEc, PE caudal part; PGm, PG medial part; PH, parahippocampal area; RP, rostral parabelt area; STP, superior temporal
polysensory area; S2, secondary somatosensory area; cal, calcarine sulcus; cgs, cingulate sulcus; cs, central sulcus; ips, inferior parietal sulcus; lf, lateral fissure; lu, lunate sulcus;
ps, principal sulcus; sts, superior temporal sulcus. Orientation of each section is indicated: (D) dorsal; V, ventral; L, lateral; and M, medial. Scale bar 5 5 mm. (B) Lateral view of
the macaque neocortex. The lines indicate the planes sliced for the sections shown in (A).
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Figure 3. Layer Distribution of SLIT1 mRNA in Macaque Cortex. (A) Area 46 (a,b), TE (c,d), PG (e,f), M1 (g,h), area 3b (i,j), and V1 (k,l) of macaque cortex. (a,c,e,g,i,k) Coronal
sections for ISH. (b,d,f,h,j,l) Coronal sections for cresyl violet staining. In all areas, clear hybridization signals for SLIT1 mRNA were observed in layers II--VI. These images are
derived from monkey C. Scale bar 5 100 lm. (B) To quantify the hybridization signal level, NSI (SLIT1 OD/cresyl OD ratios) in each of 6 cortical areas (a, area 46; b, TE; c, PG; d,
M1; e, area 3b, and f, V1) was calculated (see Materials and Methods for details). The ratios were higher in the middle layers than in layers II or VI except for V1. Three cortices
were used for calculation. Asterisks indicate a significant difference from the lowest value in each area (*P\ 0.05; **P\ 0.01, one-way analysis of variance (ANOVA), n 5 9).
Data are expressed as mean ± standard error of the mean (SEM). WM, white matter.
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Consistent with the RLCS analysis, the expression level of SLIT1

mRNA was generally high in the sensory and prefrontal

association areas and low in the primary sensory areas. The

upper panel of Figure 2A is a series of images showing the gross

distribution of SLIT1 mRNA in the macaque cerebral hemi-

sphere. The lower panel of Figure 2A shows the pseudocolor

representation of the same images quantified for ROD. As

shown, the SLIT1 mRNA signals were abundant in the frontal

cortex (Fig. 2A,a), the dorsal bank of the sts corresponding to

the superior temporal polysensory area (STP, Fig. 2A,b) and the

Figure 4. Differential Laminar Patterns of SLIT and ROBO mRNAs in Macaque Cortex. (A) ISH of SLIT1, SLIT2, and SLIT3 mRNAs in area 46 (a--c), TE (e--g), V2 (i--k), and V1 (m--
o), respectively. The laminar profiles of the ISH signals are also shown. Red, blue, and green lines indicate the profiles of SLIT1, SLIT2, and SLIT3 mRNAs, respectively (d,h,l,p).
The ISH signals of SLIT mRNAs were strongest in area 46 and weakest in V1. Their laminar patterns showed complementarity in TE. Arrowheads indicate the peaks of ISH signals
for SLIT mRNAs in the association areas. Arrows indicate the peaks of the signals in early sensory areas (see in more detail in text). These images are derived from monkey A. (B)
ISH of ROBO1 and ROBO2 mRNAs in area 46 (a,b), TE (d,e), V2 (g,h), and V1 (j,k). The laminar profiles of the ISH signals are also shown. Red and blue lines indicate the profiles of
ROBO1 and ROBO2 mRNAs (c,f,i,l), respectively. Arrowheads indicate the peaks of ISH signals for ROBO mRNAs. These images are derived from monkey C. Scale bar5 100 lm.
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hippocampus (HC, Fig. 2A,b,c). Moderate to intense expression

was observed in parietal fields, PG (Fig. 2A,d,e), PG medial part

(PGm, Fig. 2A,e), PE caudal part (PEc, Fig. 2A,e), the para-

hippocamal area (PH, Fig. 2A,c), the insular cortex lying

within the lateral fissure (IN, Fig. 2A,b), the claustrum present

under the insular cortex (Cl, Fig. 2A,b), the limbic cortices,

such as the middle and posterior cingulate cortex (CC,

Fig. 2A,b,c,d), and the entorhinal cortex (data not shown). In

contrast, the expression level was very low in the primary

sensory areas, such as the somatosensory (area 3b, Fig. 2A,b,c)

and the core auditory (A1, Fig. 2A,d) areas. Compared with area

3b, the secondary somatosensory area showed stronger signals

(S2, Fig. 2A,b,c). Among the auditory cortex, the rostral parabelt

(RP) area showed obviously stronger signals than the core

auditory area (Fig. 2A,b). The lowest expression level was

observed in the primary visual area (V1, Fig. 2A,e). Thus, the

result of our histological analysis was consistent with those of

RLCS and RT-PCR analyses and showed the association area-

enriched pattern over primary areas.

We next examined the laminar distribution patterns of SLIT1

mRNA shown in the high-magnification images of Figure 3A. In

all the areas examined, SLIT1 mRNA was widely expressed in

layers II--VI, with only weak SLIT1 mRNA signals in a scattered

population of layer I (data not shown). There were, however,

conspicuous laminar differences in intensity across areas. In

Figure 3B, we quantified ISH signals by measuring the ROD

of each layer. To estimate the differences in expression level of

SLIT1 mRNA across areas and layers, we calculated each NSI of

6 representative cortical areas: NSI is the ROD of the ISH signal

divided by the cresyl violet staining intensity, which normalizes

for cell density that varies markedly across layers and areas (see

Materials and Methods). Despite the large difference in the

overall signal level, the laminar distribution patterns of SLIT1

mRNA were similar among area 46, TE, PG, M1, and area 3b, in

the sense that the peak of signal intensity was observed in the

middle layers (layers III--V), which gradually decreased toward

the upper and deeper layers (Fig. 3A,a,c,e,g,i). Except for area

3b and V1, the differences between the middle layers and outer

layers (layers II or VI) were statistically significant (*P < 0.05;

**P < 0.01, Fig. 3B). At cellular resolution, the large pyramidal

neurons in the upper part of layer V of area 46 showed the

most intense hybridization signals (Fig. 3A,a). Accordingly, the

NSI of layer V in area 46 was the highest among the layers

investigated (Fig. 3B,a). Intense signals were also observed in

the upper part of layer V of TE and PG. Compared with the

other neocortical areas, the SLIT1 mRNA distribution pattern in

V1 showed a unique profile: In layers II--V, the number of

SLIT1-mRNA-positive cells was low, and the mRNA level per

cell was also considerably low. The cells that exhibited weak to

moderate signals were concentrated in layer VI (Fig. 3A,k). The

signal intensity changed gradually across area borders and did

not exhibit a sharp transition.

SLIT1 mRNA Is Mainly Expressed in Excitatory Neurons in
the Cortex

In considering the roles of SLIT1 in the neocortical circuit, it is

important to determine the types of cell that express it. To

confirm this point, we performed fluorescence double ISH

using VGLUT1 and GAD67 probes, which label excitatory and

inhibitory neurons, respectively.

For this analysis, we chose 3 areas: area 46, TE, and M1.

Representative photographs of the double ISH in area 46 are

shown in Supplementary Figure S1. In area 46, SLIT1 mRNA

colocalized with both VGLUT1 and GAD67 mRNAs, indicating

that both excitatory and inhibitory neurons expressed SLIT1

mRNA. Similar results were also obtained in TE andM1 (Table 1).

In our counting, 65--84% of the excitatory neurons expressed

SLIT1mRNA in layers III--VI of these areas. Even in layer II, which

showedweak SLIT1mRNA signals, approximately one-half of the

excitatory neurons expressed SLIT1 mRNA. The ratios in each

layer did not show any significant difference across areas (data

not shown). Thus, a majority of excitatory neurons expressed

SLIT1 mRNA despite a large difference in staining intensity. As

for the inhibitory neurons, 26--66% of the cells expressed SLIT1

mRNA irrespective of the area and layer (Table 1).

Distinct Laminar Expression of SLIT and ROBO Genes in
Cortex

Because SLIT1 and other SLITs have been shown to interact with

all ROBOs (Brose et al. 1999; Li et al. 1999; Sabatier et al. 2004),we

examined the expressions of SLIT2, SLIT3, ROBO1, and ROBO2

mRNA and compared them with that of SLIT1 mRNA (Fig. 4).

Table 1
Percentages of SLIT1þ neurons among excitatory and inhibitory neurons in macaque cortex

Area Layer SLIT1/VGLUT1 (%) SLIT1/GAD67 (%)

Area 46 II 48 ± 3.0 50 ± 13.1
III 82 ± 3.8 66 ± 6.1
IV 76 ± 5.0 41 ± 13.8
V 65 ± 4.0 43 ± 6.9
VI 78 ± 3.0 47 ± 15.4

TE II 46 ± 6.0 36 ± 11.3
III 75 ± 3.2 51 ± 7.7
IV 75 ± 3.8 45 ± 8.6
V 83 ± 3.7 26 ± 5.7
VI 82 ± 3.6 31 ± 16.3

M1 II 50 ± 5.9 64 ± 12.8
III 84 ± 4.7 51 ± 7.3
IV 67 ± 4.8 31 ± 10.9
V 67 ± 6.1 36 ± 17.4

The ratios of SLIT1-positive neurons among either VGLUT1- or GAD67-positive neurons were

calculated for area 46, TE, and M1. These data are derived from monkey A. Data are expressed

as mean ± SEM.

Table 2
Percentages of double-positive neurons to either SLIT1- or ROBO-single positive neurons in

macaque cortex

Area Layer SLIT1/ROBO1 SLIT1/ROBO2

Doublea/SLIT1þ

(%)
Doublea/ROBO1þ

(%)
Doubleb/SLIT2þ

(%)
Doubleb/ROBO2þ

(%)

Area 46 II 84 ± 2.1 78 ± 3.1 73 ± 3.7 82 ± 3.5
III 90 ± 2.6 90 ± 4.1 74 ± 3.6 80 ± 6.8
V 91 ± 3.1 82 ± 4.2 73 ± 5.9 82 ± 5.1
VI 97 ± 2.3 88 ± 4.5 89 ± 3.6 90 ± 3.0

TE II 87 ± 4.3 69 ± 3.1 90 ± 3.4 73 ± 2.4
III 88 ± 1.1 82 ± 3.7 62 ± 3.5 77 ± 3.6
V 83 ± 3.3 74 ± 5.4 45 ± 2.9 74 ± 3.9
VI 88 ± 3.1 86 ± 2.4 74 ± 3.4 90 ± 2.1

M1 II 88 ± 3.1 71 ± 4.0 92 ± 3.3 63 ± 1.6
III 82 ± 5.3 65 ± 4.3 70 ± 7.0 58 ± 3.8
V 78 ± 5.9 64 ± 7.0 61 ± 9.2 39 ± 3.4
VI 76 ± 4.2 60 ± 3.4 53 ± 3.8 47 ± 6.0

The ratios of double-positive neurons to either SLIT1- or ROBO-single positive neurons were

calculated for area 46, TE, and M1. These data are derived from monkey A. Data are expressed

as mean ± SEM.
aSLIT1 and ROBO1 mRNAs double-positive neurons.
bSLIT1 and ROBO2 mRNAs double-positive neurons.
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In both area 46 and TE, the expression levels of all SLIT

mRNAs were high, but the laminar distributions were different.

In area 46, the SLIT2 mRNA expression was high in layers II, III,

and V (Fig. 4A,b). The SLIT3mRNA expression was high in layers

V and IV and was low in layers II and III (Fig. 4A,c). All SLIT

mRNAs were highly expressed in layer V in area 46 (Fig. 4A,d,

arrowheads). Although the expression levels of all SLIT mRNAs

were also high in TE, those of SLIT2 and SLIT3 mRNA were

markedly low in layer V, which resulted in a complementary

laminar pattern of SLIT mRNAs in TE (Fig. 4A,h, arrowheads).

In contrast to these association areas, the expression levels of

all SLITmRNAs were generally low in the visual areas (Fig. 4A, V1

and V2). For example, although not as conspicuous as that of

SLIT1, the SLIT3 mRNA expression level in layer VI of sensory

areas was much lower than those of association areas (Fig. 4A,l,p,

green arrows). The signal intensity of SLIT3 mRNA in the

supragranular layers was also much lower in V1 than in V2. At

first glance, SLIT2 mRNA seemed to be abundantly expressed in

V1. However, most of the scattered strong signals of SLIT2

mRNA in layers III--VI were in GAD67-mRNA-positive inhibitory

neurons (data not shown). The excitatory population that

expressed weak SLIT2 mRNA signals was restricted to the upper

part of the supragranular layers of V1 (Fig. 4A,p, blue arrow).

This is in stark contrast to the pattern in the association areas.

In comparison with the expression of SLIT mRNAs, ROBO

mRNAs were widely expressed in neuronal populations. In area

46, the intensity of ISH signals of ROBO mRNAs was the highest

among the cortical areas. The profile curves indicated that the

signals were intense in the infragranular layers in this area

(Fig. 4B,c), which was different in other areas. Except area 46,

both ROBO1 and ROBO2mRNAs showed dense signals in layer II

(Fig. 4B,f,i,l, arrowheads), and the signal intensity gradually

decreased toward the deeper layers. Some scattered cells in

layers II--VI, particularly in early sensory areas, expressed higher

levels of ROBO1 and ROBO2mRNAs than the surrounding cells.

Considering the widespread distributions of ROBOmRNAs, it

is likely that they are coexpressed with SLIT1 mRNA. In

Table 2, we summarized the results of cell counting in area 46,

TE and M1. In area 46 and TE, 83--97% of SLIT1 positive cells

expressed ROBO1 mRNA (see also Supplementary Fig. S2).

Compared with the result of coexpression of SLIT1 and ROBO1

mRNAs, the ratio of SLIT1
+
/ROBO2

+
cells among SLIT1

+
cells in

the 3 areas was generally low except in layer II. Nonetheless,

the mean ratio was more than 65% in the areas examined.

In summary, although SLIT1 mRNA exhibited the most

obvious area specificity among the family and receptor mRNAs

investigated, all these genes were generally more abundantly

expressed in the sensory and prefrontal association areas than

in early sensory areas, and each exhibited a unique laminar

profile. At the single cell level, SLIT1 and ROBO mRNAs were

colocalized in the majority of cortical neurons in the sensory

and prefrontal association areas.

Postnatal Alteration of SLIT1 mRNA Expression in Cortex

In our previous studies, the area-specific mRNA expressions of

RBP4 and OCC1 genes were found to be established during

postnatal development (Tochitani et al. 2003; Komatsu et al.

2005). This led us to examine the expression pattern of SLIT1

mRNA in macaque monkeys at early postnatal stages.

The upper panel of Figure 5A shows the distribution of SLIT1

mRNA in coronal sections of P2 monkey brain. The lower panel

of this figure shows the pseudocolor representation quantified

for ROD. As these data show, the area difference in SLIT1mRNA

expression in the newborn monkey was generally similar to

that in young adult monkeys. Intense hybridization signals were

observed in the frontal cortex (Fig. 5A,a), lateral intraparietal

area (LIP, Fig. 5A,d), the STS bank containing STP (Fig. 5A,b),

parietal association areas, PG and PGm (Fig. 5A,d). Moderately

strong signals were observed in M1, area 3b, amygdala complex

(Amy, Fig. 5A,b), Cl (Fig. 5A,c), and IN (Fig. 5A,c). In contrast,

the SLIT1 mRNA expression level was low in the middle

temporal visual area (MT, Fig. 5A,d) and lowest in V1 (Fig. 5A,e).

Despite the overall similarity of the area specificity, we

observed clear differences in the laminar distribution of SLIT1

mRNA between the infant (P1, P2, and P30, Fig. 6A) and the

young adult cortices. One key feature of the expression pattern

in the infant cortex is the high SLIT1 mRNA expression level in

deep layers. As shown in the magnified images, SLIT1 mRNA

was concentrated in layer IV, abundantly expressed in layers V

and VI, but was scarce in layers II and III. This expression

pattern was prevalent in the association areas such as area 46,

TE, and PG, but the deep-layer preference was common across

areas (Fig. 6A). In order to compare the laminar profiles of

different areas quantitatively, we calculated the NSI of each

layer of 6 different areas, which takes into account local

neuronal density (Fig. 6B). As Figure 6B shows, the normalized

laminar profiles of area 46, TE and PG were very similar

(Fig. 6B,a,b,c). The NSIs of M1 and area 3b were lower than

those of these association areas, but the area difference was not

as large as that in the more aged monkeys (see Fig. 3B). The

SLIT1 mRNA signal abruptly diminished at the V1/V2 border

(Fig. 5C, arrowhead). This is mainly due to the lack of SLIT1

mRNA expression in layer IV (Fig. 5C and Fig. 6A,k). Unlike in

young adults, however, strong signals of SLIT1 mRNA were

detected in layer VI of infant V1 (Fig. 6A,k). The NSI was

relatively high in layer V as well (Fig. 6B,f ).

Comparing the NSIs in the infants (Fig. 6B) with those in

older monkeys (Fig. 3B), it appears that a large reduction of

expression in layers IV--VI occurred postnatally in all the areas

examined, but the change in laminar profiles was different

across areas. To investigate how the area-specific expression is

formed in detail, we calculated the young adult/infant ratios of

NSI for 6 areas, separately for supra and infragranular layers

(Fig. 7). This analysis revealed a differential reduction of SLIT1

mRNA signals in the supra and infragranular layers across

various areas. In the supragranular layers, the young adult/

infant ratios of the 3 association areas (area 46, TE, and PG)

were close to 1 and significantly higher than those of the

remaining areas (M1, area 3b, and V1, P < 0.01, Fig. 7A). The

ratios suggest that the supragranular expression of SLIT1mRNA

in the association areas did not change much postnatally,

whereas those in M1, area 3b, and V1 significantly decreased.

We also observed large area differences in the young adult/

infant ratios in the infragranular layers (Fig. 7B). In this case,

the ratio in area 46 was significantly higher than those in all the

other areas examined, including TE and PG (P < 0.01). The

ratios in area 3b and V1 in the infragranular layers were even

lower than those in M1, TE, and PG. These graphs demonstrate

the area/layer-specific decrease in SLIT1 mRNA expression

level during the postnatal period that consequently led to the

characteristic expression pattern in the macaque cortex.

To further examine when and how such a decrease in

expression level occurs, we investigated the SLIT1 mRNA

expression in the cortices of P60 and P95 monkeys. Figure 8
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shows the SLIT1 mRNA expression pattern in 6 cortical areas

(area 3b, V1, V2, V3, TE, and area 46) in 5 different postnatal

ages (P1, P30, P60, P95 and young adult). As mentioned above,

the expression patterns in these 6 areas were almost the same

between P1 and P30 monkeys (Fig. 8A--L). At P60, although the

levels of SLIT1 mRNA expression in area 46, TE and V3

remained high, the expression levels in V2, V1 and area 3b

were lower than those in P30 (Fig. 8M--R). At P95, we observed

only faint SLIT1mRNA signals in V2, V1 and area 3b (Fig. 8V--X),

whereas difference in the expression level between area 46 and

TE was relatively smaller in P95 than in young adult (Fig. 8S,T ).

Thus, the alteration of SLIT1 mRNA expression started at

approximately P60--P95 with a different time course in each

cortical area. Therefore, the characteristic expression pattern

of SLIT1 mRNA was established by gradual downregulation in

the postnatal periods (P60--P95 and older ages), although some

area differences were already observed at birth.

Discussion

In this study, we characterized the SLIT1 gene as showing

a prefrontal-enriched expression in the monkey cortex.

Although SLIT1 is known to function as an axon guidance

cue in developing CNS, our expression analysis suggests a novel

role of SLIT1 and SLIT/ROBO signaling in the sensory and

particularly prefrontal association areas of the postnatal brain.

By comparing the SLIT1 mRNA expression between the

newborn and young adult monkeys, we found that the high

degree of area specificity is established by downregulation of

the expression in an area- and laminar-specific manner during

postnatal development.

Enriched Expression of SLIT1 mRNA in Prefrontal Cortex

Lines of evidence suggest that the prefrontal-enriched expres-

sion of SLIT1 mRNA is a common feature between Old World

monkeys and humans. Northern blot analysis indicated that the

SLIT1mRNA expression level is high in the frontal lobe and low

in the occipital lobe of humans (Itoh et al. 1998). In aged

human brains, DNA microarray analysis revealed that the SLIT1

mRNA expression level is specifically low in V1, whereas it is

relatively high in the prefrontal cortex (area 10 and area 11)

and HC (Liang et al. 2007). In contrast, SLIT1 mRNA expression

in the rat cortex did not show such an area difference: The

frontal area showed a moderately strong signal, and there was

no marked reduction in primary areas (data not shown). Slit1

mRNA signals were mainly located in layers Va and VI

throughout the neocortex in rats (data not shown), a laminar

Figure 5. ISH Analysis of SLIT1 in Infant Brain. (A) Coronal sections of the P2 macaque brain were obtained from the positions corresponding to the brain diagram as a--e in (B).
The representative 6 cortical areas (area 46, TE, PG, M1, area 3b, and V1) are magnified in Figure 6. Arrows and arrowheads in b, d, and e indicate the ISH signals at layers IV and
VI, respectively. These laminar signals were observed throughout the neocortex. Pseudocolor representation of the same images in a--e is shown in a#--e#. as, arcuate sulcus; Ect,
entorhinal cortex; LIP, lateral intraparietal area. Other abbreviations are the same as those in Figure 2. The orientation of each section is indicated: D, dorsal; V, ventral; L, lateral;
and M, medial. Scale bar 5 5 mm. (B) Lateral view of macaque neocortex. The lines indicate the planes sliced for the sections shown in (A). (C) ISH and (D) cresyl violet-stained
sections around the V1/V2 border of P2 monkey. Arrowheads indicate the border. Note that the signal intensity observed in the middle layer (*) in V2 markedly decreased in V1.
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Figure 6. Layer Distribution of SLIT1 mRNA in Infant Cortex. (A) Area 46 (a,b), TE (c,d), PG (e,f), M1 (g,h), area 3b (i,j), and V1 (k,l) of the infant macaque cortex. (a,c,e,g,i,k)
Coronal sections for ISH. (b,d,f,h,j,l) Coronal sections for cresyl violet staining. Scale bar 5 100 lm. (B) To quantify the hybridization signal level, NSI (SLIT1 OD/cresyl OD ratios)
in each of 6 cortical areas was calculated. The ratios were higher in deep layers than in surface layers. The signal intensity of layer VI in V1 was the highest among the layers
examined. For this calculation, 3 cortices were used for area 46 (P1, P2, and P30). Two cortices were used for other areas (P1 and P2 for PG; P1 and P30 for TE, M1, area 3b and
V1). Asterisks indicate significant difference from the lowest value in each area (*P\ 0.05; **P\ 0.01, one-way ANOVA, n 5 9 for area 46 and n 5 6 for other areas). Data
are expressed as mean ± SEM. WM, white matter.
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distribution that is different from that of monkeys. We

speculate that the distinct area-specific expression of SLIT1

mRNA in Old World monkeys and humans is observed because

of a high degree of functional specification of these cortices.

We have reported that the RBP4 and PNMA5 genes are also

highly expressed in the sensory and prefrontal association areas

of macaque monkeys and their distribution is similar to each

other (Komatsu et al. 2005; Takaji et al. 2009). The mRNA

expression levels of SLIT1 and these genes increase gradually

from the primary sensory to sensory association areas. In

primates, pyramidal neurons of cortical areas involved in more

integrative processing have more complex and widespread

dendrites, with more abundant spines, than those in areas

involved in the early stages of sensory processing. Elston and

his colleagues reported that, in the prefrontal cortex (area 10),

TE and V1, the average total numbers of spines in the basal

dendrites of layer III neurons are 8766, 7260, and 643,

respectively (Elston et al. 2001; Elston 2007). Interestingly,

these numbers can be seen as correlating with the expression

level of SLIT1 mRNA in layer III. It is thus possible that the

association area-enriched genes contribute to a greater capac-

ity for integrating inputs.

Despite the similarity in area expression, the laminar profile

of SLIT1 mRNA was different from those of RBP4 and PNMA5

mRNAs. These genes are both widely expressed in the

excitatory neurons of layers II, III, and V in the sensory and

prefrontal association areas, but are restricted to the upper part

of the supragranular layers in early sensory areas. In contrast,

intense ISH signals of SLIT1mRNA were observed in the middle

layers, leading to a ‘‘bell-shaped’’ laminar distribution in most

cortical areas. Because the cortical middle layers mainly receive

2 types of projection, that is, feedforward corticocortical

and thalamocortical projections (Rockland and Pandya 1979;

Felleman and Van Essen 1991; Jones 1998), SLIT1 may thus play

a role in how neurons receive and/or process these inputs. The

difference in the laminar expression pattern between SLIT1

and RBP4/PNMA5 genes may reflect different roles of these

genes in the association cortex.

To understand the role of SLIT1 in primates, it would be useful

to examine the expression patterns of other SLITs and ROBOs

because all SLITs interact with all ROBOs (Brose et al. 1999; Li

et al. 1999; Sabatier et al. 2004). By ISH, we found that all SLIT

mRNAs were abundant in the association areas, although SLIT1

mRNA showed the highest area specificity. All SLIT genes

exhibited different laminar expression patterns and their

expressions altogether covered layers II--VI of the association

areas. In particular, the laminar distributions of SLITmRNAswere

strikingly complementary in TE. This observation suggests that

they play different roles in the macaque cortex.

Interestingly, the SLIT2 mRNA expression in excitatory

neurons was similar to that of RBP4-type genes. Our double ISH

analysis showed that SLIT2 and RBP4 mRNAs were colocalized

in the cortical neurons (data not shown). Thus, SLIT2, RBP4,

and PNMA5, whose expressions show the RBP4-like expression

in the cortex, may all exert influence over a similar type of

cortical neuron.

Compared with SLIT mRNAs, ROBO1 and ROBO2 mRNAs

were more widely distributed across layers and areas, and their

expressions were mostly overlapping. These data suggest that

most cortical neurons could potentially respond to SLIT

signaling. Given that cortical neurons, particularly in the

association areas, simultaneously express SLIT and ROBO genes,

SLITs could act in either an autocrine or a paracrine manner.

Further studies are required to understand how SLITs and

ROBOs interact in specific aspects of monkey cortical

physiology.

Alteration of SLIT1 mRNA Expressions in Cortex during
Postnatal Periods

We have demonstrated that the prefrontal-enriched SLIT1

mRNA expression pattern was established postnatally. From

the late prenatal (data not shown) to early postnatal stages, the

Figure 7. Alteration of SLIT1 mRNA Distribution between Infant and Young Adult Cortices. (A) Postnatal alteration of SLIT1 mRNA expression in supragranular layers. Each bar
represents the ratio of SLIT1 mRNA expression levels between infants (P1, P2, and P30 monkeys) and young adults (monkeys A, B, and C) in supragranular layers (layers II and III)
of the 6 cortical areas (young adult/infant). The asterisk indicates significant difference between the ratios in the association areas (area 46, TE, and PG) and those in the primary
areas (M1, area 3b, and V1, **P\ 0.01, 1-way ANOVA). (B) Postnatal alteration of SLIT1 mRNA expression in infragranular layers. Each bar represents the ratio in infragranular
layers (layers V and VI). Asterisks indicate significant difference in each pair (**P\ 0.01, 1-way ANOVA). (**a) The ratio in area 46 was significantly higher than those in the
remaining areas (P\ 0.01). Data are expressed as mean ± SEM.
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SLIT1 mRNA expression level was intense in deeper layers,

particularly in layers IV andVI throughout the cortex (except for

V1where the expression level in layer IV is very low). Neurons in

these 2 layers receive and send thalamocortical and cortico-

thalamic connections, respectively. In macaque monkeys, the

thalamocortical projections are known to be established by E151

(Darian-Smith et al. 1990). The primate brain, however, under-

goes significant changes during postnatal development as well.

During the perinatal period, axonal elongation (LaMantia and

Rakic 1990) and synaptogenesis (Rakic et al. 1986; Bourgeois

and Rakic 1993; Bourgeois et al. 1994) occur vigorously in the

monkey cortex. Corticocortical connections are being formed

until P60 (Batardiere et al. 2002; Kennedy and Burkhatler 2003;

Kennedy et al. 2007). Subsequently, synaptic elimination

continues until puberty (Bourgeois et al. 1994; Levitt 2003).

Selective elimination of neural connections plays a major role in

the establishment of mature circuits. In this regard, the postnatal

decrease in SLIT1 mRNA signals may reflect rearrangement of

cortical circuitry. Our results indicate that SLIT1 mRNA

expression in the infragranular layers is downregulated to

Figure 8. Postnatal Alteration of SLIT1 mRNA Expression in Various Cortical Areas. The expression of SLIT1 mRNA in 6 cortical areas (area 3b, V1, V2, V3, TE, and area 46) at 5
postnatal ages are shown. Coronal sections for ISH of SLIT1 mRNA (left panels) and the adjacent sections for cresyl violet staining (right panels) of the macaque neocortex are
shown. (A--F) P1, (G--L) P30, (M--R) P60, (S--X) P95, and (Y--DD) young adult (monkey C). Scale bar 5 100 lm.
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a greater degree than that in the superficial layers. It may be

noted that these layers exhibit a large decrease in the staining of

nonphosphorylated Neurofilament (NEFM), as observed in the

marmoset cortex (Burman et al. 2007).

Note that the time course of the decreased expression level

was markedly different across areas. From P30 to P95, the level

of SLIT1 mRNA expression dropped sharply in V1, but

decreased slowly in TE. This time course appears to be

coincident with the time course of cortical maturation, that

is, the association areas mature after sensory areas (Brody et al.

1987; Conde et al. 1996; Gogtay et al. 2004; Guillery 2005). In

this regard, although area 3b is located more anteriorly than V3,

the downregulation of the SLIT1 mRNA expression in area 3b

occurred faster than that in V3. This is difficult to be explained

only by the caudal to rostral gradient. We also found that MT

was lightly stained at the newborn stage, which may be

consistent with the early maturation of this area as shown in

humans and marmosets (Annese et al. 2005; Bourne and Rosa

2006). Among the cortical areas, the prefrontal cortex is

considered to be one of the last areas to mature in humans and

nonhuman primates (Goldman and Galkin 1978; Chugani et al.

1987; Chiron et al. 1992; Huttenlocher and Dabholkar 1997).

We thus can speculate that the prefrontal cortex may require

a larger amount of SLIT1 than primary or early sensory areas, in

accord with longer periods of developmental remodeling.

Functional Consideration of Role of SLIT1 in Postnatal
Cortex

Slit homologues have been found in a wide variety of

taxonomic groups (Holmes et al. 1998; Itoh et al. 1998; Li

et al. 1999; Halloran et al. 2000; Hao et al. 2001; Vargesson et al.

2001; Marillat et al. 2002). They appear to function as diffusible,

repellent guidance molecules for axons in the CNS, and this

function is well conserved evolutionally (Andrews et al. 2007;

Chedotal 2007). Although the role of SLITs/ROBOs in axon

guidance during development may be as expected, their roles

in postnatal monkey brains, where there are no major guidance

events, is as yet unclarified. One plausible possibility is that

SLIT1 plays a role in maintaining certain neuronal morphology

and circuits (Nestler 2000; Murai and Pasquale 2002; Bahi and

Dreyer 2005; Lin et al. 2009). Recent studies have demon-

strated the dynamic mobility of neuronal processes in the

mature brain (Holtmaat et al. 2005; Stettler et al. 2006). In this

respect, we note that SLIT1mRNA was preferentially expressed

in regions known to show high neuronal integration and/or

plasticity, such as the prefrontal cortex and HC. Previous

studies revealed that some ‘‘axon’’ guidance molecules also

regulate dendritic morphology and spine growth (Ethell et al.

2001; Morita et al. 2006; Yoshida et al. 2008). For example,

semaphorin 3A (Sema3A) promotes dendritic branching and

spine maturation in cultured cortical neurons, and its de-

ficiency causes a lower density of cortical spines (Morita et al.

2006). SLIT1 is also reported to promote dendritic growth and

branching of both pyramidal and nonpyramidal neurons in the

developing rat cortex (Whitford et al. 2002).

Clinical evidence suggests a link between spine morphology

and mental retardation. In idiopathic mental retardation patients,

an immature or deformed morphology of spines is widely

observed in the cortex (Purpura 1974; Fiala et al. 2002).

Interestingly, SLIT-ROBO specific-GAP3 (SRGAP3), which is

one of the components of the SLIT/ROBO signaling pathway, is

reported to have a putative role in mental retardation (Endris

et al. 2002). Thus, our results raise the possibility that the

preferential expression of SLIT1 in the prefrontal cortex

contributes to the maintenance of the highly branched dendrites,

greater spine density and its morphology in these areas that have

long been known as important for higher cognitive functions.

This possibility needs to be tested in future studies.
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