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Abstract

The cerebral cortex is organized into morphologically distinct areas that provide biological 

frameworks underlying perception, cognition, and behavior. Profiling mouse and human cortical 

transcriptomes have revealed temporal-specific differential gene expression modules in distinct 

neocortical areas during cortical map establishment. However, the biological roles of 

spatiotemporal gene expression in cortical patterning and how cortical topographic gene 

expression is regulated are largely unknown. Here, we characterize temporal- and spatial-defined 

expression of serotonin (5-HT) transporter (SERT) in glutamatergic neurons during sensory map 

development in mice. SERT is transiently expressed in glutamatergic thalamic neurons projecting 

to sensory cortices and in pyramidal neurons in the prefrontal cortex (PFC) and hippocampus 

(HPC) during the period that lays down the basic functional neural circuits. We previously 

identified that knockout of SERT in the thalamic neurons blocks 5-HT uptake by their 

thalamocortical axons, resulting in excessive 5-HT signaling that impairs sensory map 

architecture. In contrast, here we show that selective SERT knockout in the PFC and HPC neurons 

does not perturb sensory map patterning. These data suggest that transient SERT expression in 

specific glutamatergic neurons provides area-specific instructions for cortical map patterning. 

Hence, genetic and pharmacological manipulations of this SERT function could illuminate the 

fundamental genetic programming of cortex-specific maps and biological roles of temporal-

specific cortical topographic gene expression in normal development and mental disorders.
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1. Introduction

Development of the mammalian central nervous system (CNS) follows a highly stereotyped 

series of histogenic processes during which an enormous variety of cell types form unique 
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arrangements and oriented connectivity — the cortical maps in distinct brain areas each with 

unique function such as sensation, perception, decision making, and motivation (Rakic, 

1988; Rash and Grove, 2006; O’Leary and Sahara, 2008). The basic principles of brain 

development are conserved in all mammals, although cortical size, complexity and detailed 

architecture have evolved to confer species-specific cognition and behavior (Goldman-

Rakic, 1987; Mountcastle, 1995; Geschwind and Rakic, 2013). Alterations in processes 

regulating cortical map patterning have been implicated in neurological and psychiatric 

disorders (State and Levitt, 2011; Ecker et al., 2012; Parikshak et al., 2015). Further, 

maternal/early life exposure to physiological stressors and psychotropic drugs has been 

associated with increased risks for developing psychiatric traits (Harrington et al., 2013; 

Lewis et al., 2014), suggesting that mechanisms involved in cortical map formation could 

underscore an intersection of genetic and environmental modulation of behavioral circuits 

and an origin of circuit disruption in mental disorders. Very little is known, however, about 

the mechanisms of genetic programming of cortical maps and how area-specific 

architectures are established in normal brain and perturbed in the disorders.

Recent work in characterizing cortical transcriptomes, coupled with in situ hybridization and 

immunohistochemical analysis, has identified temporal-specific differential gene expression 

clusters (modules) forming islands in prospective neocortical subdivisions (Kang et al., 

2011; Miller et al., 2014; Pletikos et al., 2014). In human, the most striking cortical 

topographic gene expression modules display in the midfetal brain, where expression levels 

of disparate genes are dramatically elevated in specific neurons in a small number of cortical 

areas, including primary sensory cortices and subdivisions of the prefrontal cortex (PFC) 

(Pletikos et al., 2014). Moreover, spatially patterned gene expression in these cortical areas 

also manifests from adolescence onward but involves different sets of genes (Miller et al., 

2014; Pletikos et al., 2014), suggesting that these two phases of the cortices involve distinct 

molecular and cellular processes. In line with this idea, work from several groups mapped 

many autism risk genes co-expressed only in the midfetal modules (Voineagu et al., 2011; 

Parikshak et al., 2013; Willsey et al., 2013). For example, nine high confidence autism-

associated genes (hcASD) identified based on de novo loss-of-function mutations were 

found co-enriched specifically in glutamatergic neurons in PFC layer 5/6 and in 

somatosensory cortex in midfetal human brain and the first two postnatal weeks in mice 

(Willsey et al., 2013). Since cortical events in midfetal human brain occur in neonatal mice 

(Romijn et al., 1991), the temporal-specific topographic gene expression could represent 

certain critical developmental processes that are shared between humans and rodents and 

perturbed in common by the mutations of disparate genes associated with ASD.

Evidence has been mounting in recent years that excessive serotonin (5-HT) signaling 

perturbs early life programming of neural circuits leading to increased risks for psychiatric 

traits (Oberlander et al., 2009; Harrington et al., 2013; Booij et al., 2015). In the brain, the 

levels of 5-HT signals are regulated by 5-HT uptake transporter (SERT), which removes 5-

HT from the extracellular space thereby limiting 5-HT availability to 5-HT receptors at 

downstream targets. Complete SERT knockout mice display elevated brain 5-HT, disrupted 

sensory maps, altered PFC synaptic architecture and enhanced anxiety/depressive behavior 

(Upton et al., 1999; Persico et al., 2001; Wellman et al., 2007; Fox et al., 2008). 

Consistently, polymorphisms that reduce SERT gene functionality in human cause altered 
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PFC structure, reduced PFC inhibition of amygdala, exaggerated response to fear stimuli 

and increased anxiety (Hariri et al., 2002; Heinz et al., 2005; Pezawas et al., 2005; Canli and 

Lesch, 2007). In addition, early life exposure to selective 5-HT reuptake inhibitors (SSRIs) 

impairs PFC synaptic architecture and enhances anxiety-like behavior in mice (Ansorge et 

al., 2004; Rebello et al., 2014) and has been implicated in increased risks for autism and 

anxiety-related traits in humans, in contrast to SSRI effects in alleviating anxiety/depression 

in adults (Oberlander et al., 2009; Harrington et al., 2013). Consequently, defining the 

mechanisms of SERT gene function in early life programming of mouse cortical architecture 

could contribute to a better understanding of fundamental principles of cortical map 

development, and discern the specific biological processes regulated by SERT, thus 5-HT 

and SSRIs, in developing and adult brain.

Our laboratory is using a systematic genetic approach to determine SERT mechanisms in 

early life programming of cortical maps by generating SERT conditional knockout mice 

(Chen et al., 2015). In the mammalian CNS, SERT is primarily expressed in 5-HT-producing 

neurons, which are located in the brainstem raphe nuclei, release 5-HT via axons projecting 

to nearly every region of the brain, and constitutively express SERT along their axons to 

regulate 5-HT levels at synapses (Rudnick et al., 2014). In addition, SERT is also expressed 

in a unique set of glutamatergic neurons, which do not synthesize 5-HT but take up 

extrasynaptic or trophic 5-HT, and are thus termed “5-HT-absorbing neurons” (Gaspar et al., 

2003; Jafari et al., 2011). A unique feature of the mammalian brain is that 5-HT-absorbing 

neurons are present only transiently during a specific period of development (Gaspar et al., 

2003). In rodents, SERT is expressed in thalamic glutamatergic neurons projecting to 

sensory cortices and in pyramidal neurons in the PFC and hippocampus (HPC) from E17 to 

P10 (Hansson et al., 1998; Lebrand et al., 1998), coinciding with a period of exuberant 

synaptogenesis that lays down the basic functional neural circuits (Hensch, 2005). To 

determine the biological role of SERT expressed in the 5-HT-absorbing neurons, we utilized 

the Cre/LoxP recombinase system to generate SERT conditional knockout mice, and 

analyzed aspects of sensory maps in the somatosensory barrel cortex. We have identified that 

the transient SERT expression in the 5-HT-absorbing neurons is essential for elaborating the 

sensory maps and oriented dendritic patterning in the barrel cortex, whereas SERT expressed 

in the raphe neuron axons is not required for the sensory map establishment, indicating that 

SERT expressed in the 5-HT-absorbing neurons regulates the processes involved in cortical 

map construction (Chen et al., 2015). In the present study, we further investigated the 

relation of transient SERT expression in distinct brain areas to spatiotemporal cortical map 

development.

2. Materials and methods

2.1. Animals

Animal procedures were approved by the Albert Einstein College of Medicine Institutional 

Animal Care and Use Committee. SERTfl/fl mice were generated as previously described 

(Chen et al., 2015). Specifically, two loxP sites were inserted in introns 2 and 4 of the SERT 

gene Slc6a4, and Cre recombinase-mediated deletion eliminates SERT function (Chen et al., 

2015). ePet1-Cre (Scott et al., 2005), Vglut2-Cre (Vong et al., 2011) and Emx1-Cre (Gorski 
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et al., 2002) were utilized to knock out SERT in raphe, thalamic and cortical neurons, 

respectively. Two complete SERT knockout mouse alleles, one was generated by targeted 

deletion (Bengel et al., 1998) and the other by crossing SERTfl/fl into transgenic female mice 

expressing Cre in the germline (Ella-Cre) (Chen et al., 2015), produced equivalent 

phenotypes and are referred here generally as SERTNull mice. All mouse lines were 

backcrossed to WT C57BL/6 (Taconic Farms Inc. NY) for at least seven generations. Every 

effort was made to minimize animal suffering and the number of animals used.

2.2. Quantitative real-time PCR

qPCR was performed to determine relative SERT mRNA levels in brainstem, VB nuclei and 

PFC from P5 SERTCortexΔ mice and their SERTfl/fl littermates, as we have described 

previously in qPCR analyses of the corresponding brain samples in WT, SERTNull, 

SERTRapheΔ and SERTGluΔ mice (Chen et al., 2015). Briefly, brainstem, VB nuclei of the 

thalamus, and IL, PrL and Cg regions of the PFC were retrieved from the mice, and RNA 

from individual brain samples was extracted. One μg of RNA from each sample was used for 

reverse transcription to generate cDNA. The cDNA was analyzed by qPCR using the 

StepOnePlus machine (Applied Biosystems) and SYBR Green detection system (Applied 

Biosystems). The value of SERT was normalized against the reference gene β-actin for each 

sample, and the average of normalized SERTabundance in SERTCortexΔ samples of a given 

brain region relative to that of SERTfl/fl samples is presented.

2.3. Immunohistochemistry and histology

Mice were anesthetized by intraperitoneal injection of Avertin (400 mg/kg) prior to 

transcardial perfusion with phosphate-buffered saline (PBS) followed by 4% 

paraformaldehyde (PFA) in 0.1 M phosphate buffer. The brains were removed, post-fixed 

overnight in 4% PFA, and sectioned in the coronal plane at 40 μm thickness. To obtain 

tangential sections of sensory cortices, the neocortical sheets were flattened between two 

glass slides, post-fixed, and sectioned tangential to the pial surface at 50 μm thickness. Free-

floating sections were used for immunostaining with the following antibodies: rabbit α-5-

HT (1:50, Dr. W.M. Steinbusch, University of Limburg, the Netherlands), mouse α-Satb2 

(1:1000, Abcam), rabbit α-SERT (1:1000, Millipore), and guinea pig α-Vglut2 (1:2000, 

Millipore). Immunostaining of the proteins and 5-HT was visualized by using Alexa Fluor 

488 or 568 conjugated secondary antibodies. Sections were counterstained with DAPI to 

detect cell nuclei. Fluorescence images were captured using an Axiocam MR digital camera 

attached to an AxioImager Z1 microscope (Zeiss). For all the experiments, SERT mutant 

and control littermates were always analyzed in parallel.

2.4. Quantification of barrel map architecture

The patterning of TCAs and L4 neurons in the somatosensory barrel cortex in various 

genetic backgrounds was evaluated by quantifying barrel formation index (BFI) of 

immunohistochemistry for Vglut2 and Satb2 in the PMBSF, as previously described (Chen 

et al., 2015). Briefly, images of tangential sections immunostained with Vglut2 or doubled 

immunostained with Vglut2 and Satb2 were processed using the ImageJ (NIH), and the ratio 

of fluorescence signal intensities in the center of TCA patches to that in the septa regions 
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between two adjacent TCA patches was calculated. BFI values are greater when a neuronal 

marker is more clearly segregated into barrel structures.

2.5. Statistical analysis

Data are presented as mean ± standard error of mean (SEM). The differences between two 

groups were evaluated by two-tailed, unpaired Student’s t-tests. For comparison of multiple 

groups, one-way ANOVA was performed followed if appropriate by a post hoc Bonferroni 

test. Differences were considered significant at p < 0.05.

3. Results

3.1. Generation of thalamic- and cortex-specific SERT knockout mice

In mice, temporal-specific topographic co-expression of multiple hcASD-associated genes 

occurs in the somatosensory cortex and PFC (Willsey et al., 2013), matching to the timing of 

SERT expression in the thalamic ventrobasal (VB) glutamatergic neurons projecting to the 

somatosensory barrel cortex and in PFC pyramidal neurons, raising our hypothesis that 

certain developmental processes in the somatosensory cortex and PFC may be coordinately 

regulated by SERT function in the 5-HT-absorbing neurons. While in the mature brain 5-HT 

is exclusively synthesized in raphe neurons, the developing brain has additional 5-HT 

sources, including maternal, gut and placental sources, and moreover, the raphe neuron 

axons release 5-HT acting as trophic 5-HT prior to the synapse formation (Lauder et al., 

1981; Cote et al., 2007; Bonnin et al., 2011). The requirement of SERT for barrel map 

formation implies that the developing sensory cortex, by default, is exposed to excessive 5-

HT, and a prompt removal of 5-HT from the extracellular space in a specific time window is 

key to proper cortical patterning and neural circuit formation. In order to determine whether 

SERT expressed in 5-HT-absorbing neurons provides temporal- and brain-region specific 

restriction of trophic 5-HT signaling, we utilized the Cre/LoxP recombinase system to knock 

out SERT in distinct brain areas.

Previously, we generated mice with selective SERT knockout in raphe 5-HT-producing 

neurons (SERTRapheΔ) or in thalamic glutamatergic neurons (SERTGluΔ). Analysis of 

postnatal day 7 (P7) SERTRapheΔ mice by quantitative reverse transcription PCR (qPCR), in 

situ hybridization and western blots showed that SERT mRNA and protein abundance in the 

brainstem raphe neurons was dramatically reduced, whereas SERT abundance in the 

thalamic VB nuclei that project to the primary somatosensory cortex was comparable to 

SERTfl/fl littermates as well as to age-matched WT mice, confirming that SERT presence in 

the thalamic neurons is independent of SERT expression in 5-HT-producing neurons (Chen 

et al., 2015) (Fig. 1B). SERTGluΔ mice were generated by crossing SERTfl/fl into mice 

expressing Cre driven by the vesicular glutamate transporter 2 (Vglut2) promoter (Vong et 

al., 2011). Vglut2 is expressed robustly in thalamic neurons, with lower levels in HPC 

neurons, as well as in some other brain areas that do not express SERT (Fremeau et al., 

2001). P7 SERTGluΔ mice showed dramatically reduced SERT mRNA abundance in the VB 

nuclei, while SERT abundance in their raphe neurons was equivalent to control littermate 

mice (Chen et al., 2015) (Fig. 1B). In order to distinguish the role between SERT expressed 

in thalamic neurons and in PFC and HPC, we now specifically knocked out SERT in cortical 

Chen et al. Page 5

Neurochem Int. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



neurons by crossing SERTfl/fl into mice expressing Cre driven by the Emx1 promoter, which 

is expressed in cortical excitatory neurons and commonly referred as Cortex-Cre (Iwasato et 

al., 2000; Gorski et al., 2002; Judson et al., 2010), to generate SERTCortexΔ mice. As an 

example, Fig. 1A shows that SERTCortexΔ mice displayed dramatically reduced SERT 

mRNA levels in the PFC, while SERT mRNA levels in the brainstem raphe nuclei and 

thalamic VB nuclei were undiminished, as compared to SERT levels in the corresponding 

brain regions in control littermate mice. These results indicate that SERTCortexΔ, SERTGluΔ 

and SERTRapheΔ mice can be utilized to explore how temporal-specific topographic SERT 

expression impacts on cortical map architecture in specific brain areas.

3.2. SERT expression and 5-HT accumulation in sensory cortex are independent of SERT 
expression in cortical neurons

We assessed the impact of neuron-specific SERT knockout on SERT distribution in sensory 

cortex, by double immunostaining for SERT and Vglut2 of P7 mice. In control mice, 

tangential sections of the brain showed abundant SERT in primary sensory cortices, with the 

strongest SERT immunostaining seen as precisely arrayed patches in layer 4 (L4) in the 

somatosensory barrel cortex. SERT immunostaining in all primary sensory cortices was 

dramatically diminished in P7 SERTGluΔ mice (Chen et al., 2015). In contrast, SERT 

immunostaining in the sensory cortices in P7 SERTCortexΔ mice was indistinguishable from 

control littermate mice (Fig. 2A). On the other hand, SERT immunostaining of raphe 5-HT-

producing neurons in SERTCortexΔ mice was comparable to SERTGluΔ and control 

littermates (Fig. 2B). These results indicate that the patterned SERT immunostaining in the 

sensory cortex was primarily attributed to SERT expressed in TCAs from thalamic neurons, 

and was abolished in SERTGluΔ but not in SERTCortexΔ mice.

In addition to the temporal-specific patterned SERT expression in sensory cortex L4, we 

observed SERT immunostaining in another class of fibers throughout the cortices from 

coronal brain sections of the control mice. These fibers were thick and highly punctated and 

appeared to be randomly distributed (Fig. 3A, lower panels). We had confirmed the 

specificity of SERT immunostaining of these fibers, by determining that SERTNull mice 

abolished the staining of these fibers (Chen et al., 2015). However, we found no appreciable 

reduction in SERT immunostaining of these fibers in SERTGluΔ (Chen et al., 2015) or in 

SERTCortexΔ mice (Fig. 3A) as compared to the control littermates, indicating that these 

fibers were unlikely arising from thalamic neurons or cortical neurons. In line with the idea, 

SERT immunostaining of these fibers was dramatically diminished in SERTRapheΔ mice 

(Fig. 3A) (Chen et al., 2015). Combined, these data are consistent with the idea that these 

thick, punctated fibers primarily represent axons of raphe 5-HT-producing neurons 

projecting to the sensory cortex.

As one way to explore the impact of neuron-specific SERT knockout on 5-HT distribution in 

the sensory cortex, we carried out 5-HT immunostaining of P7 mice. In coronal sections of 

the somatosensory cortex from control mice, 5-HT immunostaining recapitulated SERT 

immunostaining pattern, by labeling both the raphe neuron axons and Vglut2+ patches in L4 

barrel cortex (Fig. 3B). In SERTNull mice, 5-HT immunostaining of the Vglut2+ patches was 

essentially not detectable, while 5-HT immunostaining of the raphe neuron axons was 

Chen et al. Page 6

Neurochem Int. Author manuscript; available in PMC 2017 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



comparable to the control mice, showing that the absence of SERT did not grossly impair 5-

HT neuron development, 5-HT synthesis or their axon projections to the sensory cortex but 

blocked 5-HT from entry into the Vglut2+ fibers in the patches (Chen et al., 2015). We 

previously observed that 5-HT immunostaining of the Vglut2+ patches was abolished in 

SERTGluΔ mice just like in SERTNull mice (Chen et al., 2015). In contrast, 5-HT staining of 

both the Vglut2+ patches and raphe neuron axons was not diminished in SERTCortexΔ mice 

(Fig. 3B). SERTRapheΔ mice also did not affect 5-HT immunostaining of raphe neuron axons 

or Vglut2+ patches (Chen et al., 2015). Together, these results support the hypothesis that 

raphe neuron projections release 5-HT into the developing cortices, whereas SERT 

expressed in the TCA terminal arbors take the primary role in clearing trophic 5-HT by 

transporting 5-HT from the extracellular space into the TCAs during a specific development 

period. However, we cannot exclude the possibility that SERT is expressed in certain PFC 

neurons projecting to the sensory cortex that cannot be detected at the level of the 

fluorescence microscopy.

3.3. SERT expressed in cortical neurons is not required for somatosensory map formation

The timing of SERT expression in the 5-HT-absorbing neurons coincides with the period of 

somatosensory barrel map formation. During the first postnatal week, TCAs from VB 

neurons segregate into distinct topographic maps in a sequential order: firstly, TCAs 

corresponding to sensory inputs from distinct body parts segregate into five distinct 

subfields, and then TCA terminal arbors within each subfield segregate into arrayed patches, 

with each TCA patch surrounded by a ring of densely packed L4 neurons with their 

dendrites oriented towards the TCA patch, forming barrel-like structures relaying specific 

sensory information (Woolsey et al., 1970). Our previous studies revealed that SERT 

expression in 5-HT-absorbing neurons is essential for the barrel map development (Chen et 

al., 2015). We reasoned that SERT expressed in 5-HT-absorbing neurons could regulate 

brain region-specific cortical architectural features. However, as those SERT takes up trophic 

5-HT, which may diffuse throughout the brain, thus an alternative possibility could be that 5-

HT-absorbing neurons of multiple brain areas set a 5-HT tone in the developing brain for 

coordinated cortical map development. Consequently, missing SERT expression in one set of 

5-HT-absorbing neurons would alter the 5-HT tone in the entire brain leading to disrupted 

cortical architecture in all 5-HT-regulated brain areas. To distinguish between the two 

possibilities, we utilized Vglut2 immunostaining to assess TCA patterning in SERTGluΔ and 

SERTCortexΔ mice at P7. As previously observed (Chen et al., 2015), SERTGluΔ mice 

displayed no discernable TCA patterning in the subfields corresponding to the sinus hairs 

and digits, and TCA patterning in PMBSF corresponding to whiskers was blurred indicating 

for poor segregation as compared to control littermate mice. In contrast, TCA patterning in 

every subfield of SERTCortexΔ mice was indistinguishable from control littermate mice (Fig. 

4A). We validated the intact TCA patterning in SERTCortexΔ mice, by determining barrel 

formation index (BFI), which is a quantitative measure of TCA segregation based on the 

ratio of Vglut2+ TCA abundance in the center of the patches to that in the septa region 

between adjacent patches, with BFI values greater when TCAs are more clearly segregated 

into barrel structures (Toda et al., 2013; Chen et al., 2015). BFI-Vglut2 values were 

significantly lower for SERTGluΔ mice even in the PMBSF subfield compared to control 

littermates, consistent with the poor TCA segregations (Chen et al., 2015). In contrast, we 
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observed equivalent BFI-Vglut2 values between SERTCortexΔ and control littermate mice 

(Fig. 4B). Collectively, these results indicate that it is SERT expressed in TCAs alone that is 

necessary and sufficient for TCA terminal arborization patterning in the sensory cortex, 

while SERT expressed in PFC or HPC pyramidal neurons is not required for this regulation.

3.4. Regulation of cortical cytoarchitectural patterning by area-specific SERT expression

It has been long established that mammalian neocortex is subdivided into distinct 

cytoarchitectural areas with specific clusters of neurons organized into stereotyped layers 

and columns and oriented connectivity (Goldman-Rakic, 1987; Mountcastle, 1995). A 

salient example is the mouse somatosensory barrel cortex, where L4 cortical neurons 

migrate during the first postnatal week away from TCA patches to form ring structures (or 

walls) surrounding individual TCA patches (Espinosa et al., 2009). We wished to learn how 

SERT knockout in TCAs versus cortex impact on spatiotemporal cortical neuron patterning. 

We addressed this question by using an established neuronal marker that is expressed in a 

class of cortical neurons present in both developing barrel cortex and PFC, and determined 

how SERTGluΔ and SERTCortexΔ impact on the neuronal organization in a specific cortical 

region — barrel cortex. The transcription factor Satb2 is specifically expressed in callosal 

projection neurons, which extend axons to contralateral cortex for interhemispheric 

integration (Alcamo et al., 2008; Britanova et al., 2008). Work from others showed that 

neonatal SSRI exposure (P1 to P7) caused abnormal callosal connectivity in rodents 

(Simpson et al., 2011). We found that in P7 control mice, immunolabeled Satb2+ cells 

exhibited distinct ring structures surrounding Vgtlu2+ TCA patches in the barrel cortex. We 

have shown that this Satb2+ neuronal patterning was disrupted in P7 SERTGluΔ mice (Chen 

et al., 2015). In contrast, we observed that P7 SERTCortexΔ mice displayed Satb2+ ring 

structures in the barrel cortex indistinguishable from that seen in the control mice (Fig. 5A). 

We further evaluated Satb2+ neuron patterning in SERTCortexΔ mice by determining BFI 

values of Satb2+ neuron abundance in barrel walls relative to that in the center of barrel 

patches. Previously, we showed that BFI-Satb2 values were significantly lower in P7 

SERTGluΔ mice indicating for disrupted Satb2+ neuron patterning (Chen et al., 2015). In 

contrast, BFI-Satb2 values were comparable between P7 SERTCortexΔ and control littermate 

mice (Fig. 5B), showing that lacking SERT expression in the PFC does not perturb cortical 

neuron topographic patterning in the somatosensory cortex. Interestingly, it has been 

reported that SERTNull mice displayed altered Satb2+ neuron distribution in the PFC 

(Witteveen et al., 2013). We hypothesize that SERT expressed in TCAs and in PFC 5-HT-

absorbing neurons provides regional instructions for cortical neuron patterning and SERT 

expressed in the TCAs dictates cortical neuron cytoarchitecture in the sensory cortex 

independently of SERT expression in the PFC.

4. Discussion

Mapping hcASD genes has revealed temporal-specific coexpression networks shared 

between primary somatosensory cortex and PFC in developing human and mouse brain 

(Willsey et al., 2013). In the present study, we explored the functional relationship between 

SERT expression in 5-HT-absorbing neurons in TCAs and PFC and mouse somatosensory 

map formation. Our experimental data thus far support the idea that transient SERT 
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expression in 5-HT-absorbing neurons represents an area-specific genetic determinant of 

cortical map architecture. We showed that SERTGluΔ mice have impaired TCAs and cortical 

neuron patterning in the barrel cortex just like SERTNull mice (Chen et al., 2015). We further 

demonstrated here that SERTCortexΔ eliminated the transient SERT expression in the PFC 

but did not cause an appreciable barrel architectural deficit. Based on these data, together 

with the finding that SERTRapheΔ abrogated SERT expression in raphe neuron projections to 

the sensory cortex but also did not perturb barrel cortex architecture (Chen et al., 2015), we 

propose that SERT expression in 5-HT-absorbing neurons provides certain spatiotemporal 

instructions for genetic programming of area-specific cortical maps, and that SERT 

expressed in the TCAs specifies the sensory reception field architecture in the 

somatosensory cortex.

It has long been proposed that the histogenic processes of mammalian brain development 

depend on regulated differential gene expression (Jessell and Sanes, 2000; Sur and 

Rubenstein, 2005; Geschwind and Rakic, 2013). Genetic programming essential for the 

initial phase of cortical patterning has been studied extensively. For example, secreted 

molecules such as sonic hedgehog (Shh), bone morphogenic proteins and Wnt family 

signaling factors specify cascades of transcription factors to orderly divide the brain into 

functional subdivisions, each with defined histological characteristics and function (Jessell 

and Sanes, 2000; Sur and Rubenstein, 2005). Our data, however, suggest that the role of 

SERT gene function differs from those signaling molecules, as SERT is not essential for 

cortical arealization or regional fate specification. For instance, the overall structures and 

relative location of the somatosensory, visual and auditory cortices, as well as PFC and HPC 

were established in the absence of SERT (Chen et al., 2015). Even within the barrel cortex, 

prospective sensory reception subfields corresponding to distinct body parts were preserved 

in the SERT mutant mice. TCAs attained L4 of the sensory cortices in SERT mutant mice as 

in control littermates. Characterization of Satb2+ neurons, coupled with previous studies of 

GABAergic neurons (Chen et al., 2015), showed that the number of the neurons and the 

neuronal identities in the barrel cortex are preserved in the absence of SERT gene function. 

Because SERT expression in the 5-HT-absorbing neurons is temporal specified, our data 

imply that the initial phase of cortical arealizations and generation of diverse neuronal types 

and subsequent elaboration of area-specific cortical cytoarchitectures (i.e. the relative 

neuronal positions and organizations within the area) involve distinct mechanisms and 

biochemical pathways, and that SERT expression in 5-HT-absorbing axons selectively 

dictates the cortical cytoarchitecture and synaptic patterning after the arealization.

While further experiments are required to define downstream effector pathways regulated by 

SERT expressed in the 5-HT-absorbing neurons, our data favor the scenario where SERT 

expressed in specific brain regions provides independent instructions for building cortex-

specific architecture. Characterization of SERTCortexΔ mice confirmed that SERT is not 

expressed in the sensory cortical neurons and revealed that SERT expressed in PFC neurons 

is not required for the topographic organization of TCAs or the cortical neurons in the barrel 

cortex. Since innervation of cortical areas by the thalamic axons is the first step of the circuit 

formation in the cortex (Lopez-Bendito and Molnar, 2003), SERT expressed along the 

growing tangential TCA arbors could provide spatiotemporal guidance for establishing 

functional connectivity and cortical maps in the sensory reception subfield. In the PFC, 
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SERT is expressed in L5/6 pyramidal neurons that project robustly to other brain areas, 

including the limbic system and brainstem. As noted above, SERTNull mice and human 

carriers of reduced SERT functionality alleles display altered dendritic morphology in the 

PFC and corticolimbic structures, and enhanced anxiety/depression behavior. The 

availability of SERTCortexΔ mice will provide a valuable tool for connecting spatiotemporal 

SERT expression to temporal-specific PFC topographic expression of ASD-associated 

genes, the synaptic architecture and activity within the PFC as well as PFC projections to the 

other brain areas, and PFC-regulation of behavior in the future.
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Fig. 1. SERTCortexΔ eliminates SERT expression in PFC but not in thalamic and raphe neurons
A. qPCR analysis of SERT mRNA in brainstem, thalamic VB nuclei and PFC from 

SERTCortexΔ and control SERTfl/fl littermate mice. P5 mice were analyzed, with 4–5 

animals/genotype (mean ± SEM, ***, p < 0.001, Student’s t-test). NS, not statistically 

significantly different. B. qPCR analysis of SERT mRNA in brainstem and thalamic VB 

nuclei from WT, SERTNull, SERTGluΔ, SERTRapheΔ and control SERTfl/fl littermate mice. 

This graph is reproduced from our previous study (Chen et al., 2015) to facilitate 

comparison here of the efficiency and selectivity of neuron-specific Cre-mediated SERT 

knockouts.
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Fig. 2. SERTGluΔ but not SERTCortexΔ or SERTRapheΔ abolishes SERT expression in primary 
sensory cortices
A. SERT (red) and Vglut2 (green) double immunostaining of tangential sections of primary 

visual (v), auditory (a) and somatosensory barrel (s) cortices in P7 mutant and control 

SERTfl/fl littermate mice. SERT staining in Vglut2+ patches in SERTCortexΔ mice was 

indistinguishable from the SERTfl/fl control or SERTRapheΔ mice, whereas the SERT staining 

in SERTGluΔ mice was diminished as in SERTNull mice. B. SERT and 5-HT immunostaining 

(both grayscale) of adjacent coronal sections of raphe nuclei from P7 mice. SERT staining 

was abolished in SERTNull, diminished in SERTRapheΔ, but unaffected in SERTGluΔ and 

SERTCortexΔ mice. Aq, aqueduct. Some images for SERTNull, SERTRapheΔ and SERTGluΔ 

brain sections are reproduced from a previous study (Chen et al., 2015) for comparison of 

SERT immunostaining patterns in SERTCortexΔ brain sections. (For interpretation of the 
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references to colour in this figure legend, the reader is referred to the web version of this 

article.)
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Fig. 3. Requirement of SERT expression in TCAs not SERT in cortical neurons for 5-HT uptake 
in the barrel cortex
A. SERT (grayscale) and Vglut2 (green) double immunostaining of coronal sections of 

somatosensory cortex from P7 mice. Control SERTfl/fl mice displayed two distinct classes of 

SERT+ fibers: fibers that were relatively thin, smooth and co-labeled with Vglut2+ TCA 

patches at layer 4 (L4) (strongly) and layer 6 (L6) (weakly), and fibers that were thick, 

punctated, randomly distributed as shown in enlarged views in third row images. No SERT 

immunostaining was discernible in SERTNull mice. SERT immunostaining in Vglut2+ 

patches was not detectable in SERTGluΔ but undiminished in SERTCortexΔ and SERTRapheΔ 

mice. SERT immunostaining in the thick fibers was dramatically reduced in SERTRapheΔ, 

but undiminished in SERTGluΔ and SERTCortexΔ mice. B. 5-HT (grayscale) and Vglut2 
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(green) double immunolabeling of coronal sections of P7 somatosensory cortex. 5-HT 

immunostaining of Vglut2+ patches but not the thick fibers was dramatically reduced in 

SERTGluΔ. 5-HT immunostaining of both the thick fibers and Vglut2+ patches in 

SERTCortexΔ was indistinguishable from that in SERTRapheΔ and control littermate mice. For 

each brain sample, SERT and Vglut2 double immunostaining (A) and 5-HT and Vglut2 

double immunostaining (B) represent adjacent sections. Third row images show an enlarged 

view of SERT immunohistochemistry (A) or 5-HT immunohistochemistry (B) in areas 

outlined by red boxes on images in respective second row. Images for SERTNull, 

SERTRapheΔ and SERTGluΔ cortices are reproduced from our previous study (Chen et al., 

2015) for comparison of SERT and 5-HT immunostaining patterns in age-matched 

SERTCortexΔ mice. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.)
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Fig. 4. SERT knockout in TCAs not in cortical neurons disrupts barrel map formation
A. TCA patterning at L4 visualized by Vglut2 immunostaining of tangential sections 

through the somatosensory cortex of P7 mice. In control SERTfl/fl mice, Vglut2+ TCAs 

corresponding to distinct body parts display arrayed patches in five indicated reception 

subfields. In SERTGluΔ and SERTNull mice, the areas for the subfields were preserved, but 

no discernible Vglut2+ patterning in the subfields corresponding to anterior snout (AS), 

lower lip (LL), forepaw (FP) and hindpaw (HP), and Vglut2+ patches in PMBSF 

corresponding to whiskers were more blurred although the patches were preserved. Vglut2+ 

patterning in all the subfields in SERTCortexΔ mice was indistinguishable from that seen in 

SERTRapheΔ mice and control littermate mice. Images for SERTNull, SERTRapheΔ and 

SERTGluΔ cortices are reproduced from a previous study (Chen et al., 2015) for comparison 

of Vglut2 immunostaining and TCA patterning in SERTCortexΔ barrel cortex. B. Evaluation 

of Vglut2+ TCA patterning in P7 PMBSF, by calculating BFI-Vglut2. Mutant and control 

littermate mouse samples were stained in parallel. N = 5 each for SERTGluΔ and SERTfl/fl 

littermate mice; N = 3 each for SERTCortexΔ and SERTfl/fl littermate mice, mean ± SEM, *, 

p < 0.05, Student’s t-test.
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Fig. 5. SERT knockout in TCAs not in cortical neurons disrupts cytoarchitectural organization 
of Satb2+ neurons in the primary somatosensory cortex
A. Tangential sections of P7 PMBSF of the somatosensory cortex labeled by double 

immunostaining of Vglut2+ TCAs (green) and Satb2+ cell nuclei (red). In control littermate 

mice, Satb2+ cells form a ring structure surrounding Vglut2+ TCA patches. This Satb2+ 

topographic patterning was preserved in SERTCortexΔ mice. B. Evaluation of Satb2+ neuron 

patterning in the barrel cortex based on BFI determination using Satb2 

immunohistochemistry in P7 PMBSF. N = 4, mean ± SEM, Student’s t-test. (For 

interpretation of the references to colour in this figure legend, the reader is referred to the 

web version of this article.)
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