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SUMMARY

Polymorphisms that alter serotonin transporter SERT
expression and functionality increase the risks for
autism and psychiatric traits. Here, we investigate
how SERT controls serotonin signaling in developing
CNS inmice. SERT is transiently expressed in specific
sets of glutamatergic neurons and uptakes extrasy-
naptic serotonin during perinatal CNS development.
We show that SERT expression in glutamatergic tha-
lamocortical axons (TCAs) dictates sensory map ar-
chitecture. Knockout of SERT in TCAs causes lasting
alterations in TCA patterning, spatial organizations of
cortical neurons, and dendritic arborization in sen-
sory cortex. Pharmacological reduction of serotonin
synthesis during the first postnatal week rescues sen-
sory maps in SERTGluD mice. Furthermore, knock-
down of SERT expression in serotonin-producing
neurons does not impair barrel maps. We propose
that spatiotemporal SERT expression in non-seroto-
nin-producing neurons represents a determinant in
early life genetic programming of cortical circuits.
Perturbing this SERT function could be involved in
the origin of sensory and cognitive deficits associated
with neurodevelopmental disorders.
INTRODUCTION

Dysregulation of serotonin (5-HT) signaling underscores long-

standing theories of circuit perturbations that lead to risks for

mental disorders. 5-HT acts both as a morphogenetic factor

during neural circuit formation and a neuromodulator of circuit

plasticity in the mature CNS (Gaspar et al., 2003; Kandel, 2001;

Lesch and Waider, 2012). The 5-HT transporter (SERT) con-

trols 5-HT signaling by limiting 5-HT availability to 5-HT recep-
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tors (Blakely and Edwards, 2012). Selective 5-HT reuptake

inhibitors (SSRIs), which block SERT thus increasing 5-HT

signaling, are the first-line treatments for psychiatric traits

in adults. However, polymorphisms that reduce SERT gene

Slc6a4 expression/functionality increase the risks for autism

and depression and confer abnormal cortical anatomical archi-

tecture (Murphy and Lesch, 2008; Pezawas et al., 2005). In ro-

dents, excessive 5-HT triggered by knocking out SERT or the

5-HT degradation enzyme monoamine oxidase A (MAOA) dis-

rupts topographic patterning of the somatosensory barrel and

visual cortex and causes anxiety-like behavior (Cases et al.,

1996; Murphy and Lesch, 2008; Persico et al., 2001; Upton

et al., 2002). Furthermore, administration of SSRIs during the

first 2 postnatal weeks was sufficient to confer altered CNS

dendritic morphology and increased anxiety-like behavior (Re-

bello et al., 2014). These observations suggest that SERT ex-

erts distinct biological roles in developing and adult CNS.

The mechanism underlying SERT gene function in the devel-

oping CNS remains unclear.

Many studies have focused on SERT expressed in brainstem

raphe neurons, which constitute the CNS 5-HT-producing neu-

rons and constitutively express SERT at the presynaptic sites

along their axons projecting throughout the brain. In the current

paradigm, presynaptic SERT reuptakes released 5-HT thereby

terminating 5-HT signaling at the synapses (Blakely and Ed-

wards, 2012). This model, however, does not address how

SERT controls 5-HT signaling in the developing CNS, where 5-

HT is released prior to synapse formation and acts as a trophic

factor. In addition, circulating 5-HT of gut, placental, and

maternal origins may penetrate into the developing brain (Bonnin

and Levitt, 2011). Alternate theories propose that trophic 5-HT is

cleared by designated scavenging mechanisms (Vizi et al.,

2010). Such mechanism has been explored genetically in

C. elegans. In C. elegans, 5-HT released from 5-HT-producing

neurons may travel long distances and be taken up by ectopic

neurons (Kullyev et al., 2010). These neurons, referred to as 5-

HT-absorbing neurons, use glutamate as the neurotransmitter

(Serrano-Saiz et al., 2013) but also express SERT (Jafari et al.,
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2011; Ranganathan et al., 2001). By generating transgenic worm

lines expressing SERT in specific neurons, we identified that 5-

HT-absorbing neurons are essential for preventing excessive

5-HT signals at extrasynaptic targets in a C. elegans behavioral

circuit (Jafari et al., 2011). These results showed that excessive

extrasynaptic 5-HT can perturb neural circuitry and is controlled

by SERT gene function in non-5-HT-producing neurons.

5-HT-absorbing neurons were actually first observed in

developing brain of mammals including human (Gaspar et al.,

2003). Specifically, in rodents between embryonic (E) day 17

and postnatal (P) day 10, SERT is expressed in thalamic neu-

rons that project to sensory cortices, as well as in pyramidal

neurons in the prefrontal cortex (PFC) and hippocampus; these

neurons also use glutamate as the neurotransmitter while tran-

siently expressing SERT (D’Amato et al., 1987; Hansson et al.,

1998; Lebrand et al., 1996, 1998). The timing coincides closely

to a period of exuberant synaptogenesis and circuit maturation

equivalent to the third trimester of human fetal development. To

determine the biological role of 5-HT-absorbing neurons in

mammalian brain, we generated transgenic mice with SERT

expression knocked out specifically in only 5-HT-absorbing

neurons or raphe 5-HT-producing neurons. Using the soma-

tosensory barrel cortex as a model, here we show that SERT

expressed in 5-HT-absorbing axons dictates sensory map ar-

chitectures in the cortex. Our data establish 5-HT-absorbing

neurons as essential machinery for controlling 5-HT homeosta-

sis in the developing cortex and suggest that impaired SERT

function in 5-HT-absorbing axons could be involved the origin

of sensory and cognitive deficits associated with neurodeve-

lopmental disorders.

RESULTS

Selective Knockout of SERT in 5-HT-Producing Neurons
or Glutamatergic Thalamic Neurons
To determine if 5-HT-absorbing neurons play a role in mamma-

lian brain, we made use of the exquisite barrel maps located at

layer IV of rodent somatosensory cortex. Glutamatergic thalamic

ventrobasal (VB) projection neurons convey sensory inputs to

the somatosensory cortex, with most of their thalamocortical

axons (TCAs) terminating at the receptive fields at layer IV. Dur-

ing the first postnatal week, the TCAs segregate into distinct

topographic maps in a sequential order: tangentially oriented

TCA terminal arbors corresponding to distinct body parts first

segregate into five subfields, and then TCA arbors within each

subfield segregate into arrayed patches, with each TCA patch

surrounded by a wall of densely packed cortical neurons with

their dendrites oriented toward the TCA patch, forming barrel-

like structures (Espinosa et al., 2009; Rebsam et al., 2002).

We confirmed SERT mRNA expression in the VB neurons by

qPCR and in situ hybridization analysis on P7 mice (Figures 1B

and 1C). Using double immunostaining of SERT and the vesicu-

lar glutamate transporter 2 (Vglut2), which is predominantly ex-

pressed in thalamic and hypothalamic glutamatergic neurons

(Fremeau et al., 2001), we observed SERT and Vglut2 coex-

pressed in TCAs projecting to the somatosensory, visual, and

auditory cortex (Figure 2A). In the somatosensory cortex, the

temporal evolution of SERT immunoreactivity in the TCAs
C

concurred with barrel development, with the strongest SERT

immunoreactivity colocalized with Vglut2+ patches at layer IV

(Figures S1 and S2). Vglut2+ TCA SERT immunoreactivity grad-

ually diminished after the first postnatal week and was extin-

guished by P22 (Figure S1). These results are consistent with

prior studies (D’Amato et al., 1987; Lebrand et al., 1998) and

show that SERT is expressed in developing Vglut2+ TCAs during

the period of barrel formation.

To identify and distinguish the significance of SERT in 5-HT-

absorbing axons versus in 5-HT-producing axons, we utilized

the Cre/LoxP recombinase system to inactivate SERT expres-

sion conditionally (Figure 1A). SERTfl/fl mice carry LoxP sites

flanking exons 3 and 4 of the SERT gene Slc6a4. Cre recombi-

nase-mediated deletion results in a reading frameshift designed

to eliminate SERT function.

To validate this allele, we crossed SERTfl/fl into transgenic

mice expressing Cre in the germline (Ella-Cre). Brain from P7

mice homozygous for this mutation showed no detectable

SERT mRNA or immunostaining (Figures 1B, 2A, and 2B). We

term this allele SERTNull. For all the phenotypes described in

this paper, SERTNull and the previously existing SERT KO allele

(Bengel et al., 1998) conferred comparable effects, and repre-

sentative results are presented.

To inactivate SERT in TCAs, we utilized Vglut2-Cre transgenic

mice (Vong et al., 2011). By examining Cre-induced expression

of membrane-bound green fluorescence protein (mGFP) and nu-

cleus-targeted b-galactosidase in TaumGFP-nls-lacZ reporter mice

(Hippenmeyer et al., 2005), we identified that Vglut2-Cre induced

recombination in thalamic neurons but not in raphe neurons

(Figures S3A and S3B). By crossing Vglut2-Cre into a second re-

porter mouse strain, ZsGreen (Madisen et al., 2010), and per-

forming 5-HT immunostaining, we confirmed the absence of

Vglut2-Cre activity in raphe 5-HT-producing neurons (Fig-

ure S3C). To evaluate Vglut2-Cre-mediated SERT deletion, we

generated two sets of mice. One set was SERTfl/fl mice carrying

Vglut2Cre/+(SERTGluD) and SERTfl/fl control littermates. The sec-

ond set of mice were hybrids designed to reduce concerns

over potential nonspecific genetic background effects, gener-

ated by crossing SERTfl/fl;Vglut2Cre/+ mice with SERT KO mice

to obtain SERTfl/�;Vglut2Cre/+(SERTGluD/�) mice and control

SERTfl/�;Vglut2+/+ (SERTfl/�) littermates. Throughout this paper,

comparisons are drawn to littermate mice.

To evaluate Vglut2-Cre-induced SERT deletion, we analyzed

P7 mice. Both qPCR and in situ hybridization showed dramati-

cally reduced SERT mRNA levels in the VB nuclei of SERTGluD

mice, whereas their SERT mRNA levels in the brainstem raphe

nuclei were comparable to control littermates (Figures 1B and

1C). Double immunostaining of serial tangential sections through

the sensory cortices showed no appreciable SERT staining in

Vglut2+ TCAs projecting to the sensory cortices in SERTGluD

and SERTGluD/�mice (Figure 2A). In contrast, SERT and 5-HT im-

munostaining of brainstem sections were comparable between

SERTGluD, SERTfl/fl, and WT mice (Figure 2B). Western blots

showed that SERT protein abundance in the barrel cortex, but

not in the brainstem, was reduced in SERTGluD mice (Figure 2C).

Combined, these data indicate that Vglut2-Cre inactivated SERT

expression in the TCAs but did not affect SERT expression in

raphe 5-HT-producing neurons.
ell Reports 10, 346–358, January 20, 2015 ª2015 The Authors 347



Figure 1. Generation of Transgenic Mice with Selective Knockout of SERT in Vglut2-Expressing Neurons (SERTGluD) or Raphe 5-HT-Pro-

ducing Neurons (SERTRapheD)

(A) Schematic illustration of the construction of SERT conditional knockout mice. Two loxP cassettes flank exons 3 and 4 of the SERT gene Slc6a4. The reading

frame is disrupted when exon 2 splices to exon 5. Rectangles denote exons, and lines denote introns. Transgenic mice carrying the floxed SERT gene (SERTfl/fl)

were crossed with mice expressing Cre in either Vglut2+ glutamatergic neurons (SERTGluD) or ePet1+ raphe 5-HT-producing neurons (SERTRapheD). Transient

SERT expression in Vglut2+ TCAs projecting to control sensory cortices is shown in Figures S1 and S2, and Vglut2-Cre-induced recombination in thalamic

neurons is shown in Figure S3.

(B) qPCR analysis of SERT mRNA levels in brainstem and VB nuclei of P7 mice. Results are average of five animals/genotype. Values from SERTfl/fl littermates of

SERTGluD and SERTRapheD mice were pooled and compared to that of WT, SERTGluD, and SERTRapheD mice (mean ± SEM, ***p < 0.001, one-way ANOVA).

(C–E) In situ hybridization analysis of SERT mRNA in P7 mice. (C) Representative images showing SERT mRNA expression in thalamic VB and DLG neurons

diminished in SERTGluD, but not in SERTRapheD mice. Notably, SERT mRNA in hippocampal neurons was also diminished in SERTGluD mice, consistent with

Vglut2-Cre activity in hippocampal neurons shown in Figure S3. (D) Images of serial coronal sections of brainstem, showing SERT mRNA expression in raphe

neurons diminished in SERTRapheD, but not in SERTGluD mice. (E) Quantification of SERT+ signals in dorsal raphe nuclei (mean ± SEM, ***p < 0.001, Student’s t

test). NS, not significantly different.
To selectively knock out SERT in 5-HT-producing neurons, we

utilized ePet1-Cre mice, which express Cre in all raphe 5-HT-

producing neurons (Scott et al., 2005). qPCR and in situ hybrid-

ization showed an �75% reduction in SERT mRNA levels in the

raphe nuclei of P7 SERTfl/fl;ePet1Cre/+ (SERTRapheD) mice,

whereas their SERT mRNA levels in the VB nuclei were unaf-

fected (Figures 1B–1E). Western blots showed a similar re-

duction of SERT protein abundance in the brainstem of P7

SERTRapheD mice (Figure 2C). Finally, immunostaining of P7

SERTRapheD mice showed substantially reduced SERT abun-
348 Cell Reports 10, 346–358, January 20, 2015 ª2015 The Authors
dance in raphe 5-HT-producing neurons, whereas SERT abun-

dance in their Vglut2+ TCAs in the sensory cortices was unaf-

fected (Figures 2A and 2B).

Knockout of SERT in Glutamatergic Thalamic Neurons
Abolishes 5-HT Uptake by TCAs in Developing Sensory
Cortex
To gain insights into the biological role of SERT expressed in

5-HT-absorbing axons and raphe axons, we examined 5-HT

immunostaining of P7 somatosensory cortex. In WT and



Figure 2. Vglut2-Cre Eliminates SERT in TCAs but Not in Raphe Neurons

(A) Vglut2 and SERT double immunolabeling of TCAs projecting to visual (v), auditory (a), and somatosensory barrel (s) cortices on tangential sections of P7

mutant and control littermate mice. SERT staining in the Vglut2+ TCAs was diminished in SERTGluD, SERTGluD/�, and SERTNull but not SERTRapheD mice. SERT

immunohistochemistry on serial tangential sections through the PMBSF from a control mouse is shown in detail in Figure S2.

(B) SERT and 5-HT immunostaining of adjacent coronal sections of the raphe nuclei from P7 mice. SERT staining was abolished in SERTNull, diminished in

SERTRapheD, but unaffected in SERTGluD mice. Aq, aqueduct.

(C) Western blots of SERT protein relative to actin in somatosensory barrel cortex and brainstem collected from individual P7mice. SERTfl/flmicewere littermates

of SERTGluD (one) and SERTRapheD (two) mice.
SERTfl/fl control mice, immunostaining of 5-HT or SERT on

alternate coronal sections of the somatosensory cortex labeled

two morphologically distinct types of fibers: fibers that cola-

beled with Vglut2 immunostaining along the TCAs, and

Vglut2-negative fibers that were relatively thicker, highly punc-

tated, and randomly distributed (Figures 3A and S4). In

SERTNull mice, there was no appreciable SERT staining, and

5-HT staining of Vglut2+ fibers was abolished. In SERTRapheD

mice, only SERT staining of the thicker fibers was dramatically

diminished, suggesting that those fibers represent axons from

raphe neurons and release 5-HT. In contrast, in SERTGluD

mice, SERT staining in the thicker 5-HT+ fibers was unaffected,

but both 5-HT and SERT staining in Vglut2+ TCAs were dimin-

ished (Figures 3A and S4). SERT expression in the raphe

neuron afferents explained at least in part for the residual

SERT protein observed on the western blots of those P7

SERTGluD somatosensory cortex samples (Figure 2C). These

results indicate that cell-autonomous SERT in Vglut2+ TCAs up-

takes 5-HT, and Vglut2-Cre abolished this SERT function.
C

Next, we used high-performance liquid chromatography

(HPLC) to measure intracellular 5-HT concentrations in the so-

matosensory cortex of P7 SERTGluD and SERTRapheD mice. We

observed a >2-fold reduction in the 5-HT concentration in the so-

matosensory cortex of P7SERTGluDmice compared to control lit-

termates (Figure 3B). In contrast,SERTRapheDmice did not showa

change in the 5-HT concentration in the somatosensory cortex

(Figure 3B). The concentrations of norepinephrine and dopamine

were not altered in the somatosensory cortex or several other

examined brain regions including the brainstem, PFC, and hippo-

campus in SERTGluD or SERTRapheD mice (R.Y. and R.D.B., un-

published data). These results suggest that a large amount of

5-HT in the developing sensory cortex is likely to be trophic 5-

HT and is cleared by SERT expressed in the TCAs (Figure 3C).

SERT Expression in TCAs Is Essential for Barrel Map
Development
To determine the physiological impact of SERT expressed in

TCAs and SERT expressed in raphe axons, we used cytochrome
ell Reports 10, 346–358, January 20, 2015 ª2015 The Authors 349



Figure 3. Requirement of SERT Expression in TCAs for 5-HT Uptake in the Barrel Cortex

(A) Double immunohistochemistry for Vglut2 and 5-HT on coronal sections of the somatosensory cortex of P7 mice. The positions of cortical layers are indicated.

Third row images show an enlarged view of 5-HT immunohistochemistry in areas outlined by red boxes on images in the second row. Note two types of 5-HT+

fibers inWT and control mice: fibers that colocalized with Vglut2+ TCA patches at layer IV (L4, strongly) and layer VI (L6 weakly), and Vglut2-negative fibers, which

were thicker, highly punctated, and randomly distributed. 5-HT staining in Vglut2+ TCAs, not the thicker fibers, was abolished in SERTGluD and SERTGluD/� and

SERTNull mice. 5-HT staining in Vglut2+ TCAs in SERTRapheD mice was indistinguishable from the control littermate and WT mice. Cortical sections from mutant

and control littermate mice were always stained in parallel. For each of the brain samples, alternate sections were analyzed by double immunostaining of Vglut2

and SERT, and data are presented in Figure S4.

(B) HPLC analysis of 5-HT concentrations in brain tissues collected from P7mice. Values from SERTfl/fl littermates of SERTGluD and SERTRapheDmice were pooled

and compared to that of WT, SERTGluD, and SERTRapheDmice (n = 4, mean ± SEM, **p < 0.01, ***p < 0.001, one-way ANOVA). SERT protein abundance in each of

the brain samples was analyzed by western blotting shown in Figure 2C.

(C) Model for SERT expressed in TCAs and raphe afferents during barrel map development: Left, in SERTRapheDmice, TCA-expressed SERT clears 5-HT from the

sensory cortex for barrel map development. Right, inSERTGluDmice, trophic 5-HT accumulates around growing TCAs despite SERT expression in raphe afferents

and impairs barrel map formation. Yellow lines denote TCAs, blue/yellow lines denote raphe neuron axons, and red dots denote 5-HT.
oxidase (CO) histochemistry to examine barrel patterning in P7

mice. We first confirmed that SERTNull disrupts barrel maps.

Specifically, in tangential sections through the somatosensory

cortex of both SERT KO and SERTNullmice, the five sensory sub-

fields at layer IV were intact, but barrels in the subfields corre-

sponding to sinus hairs and paws were largely absent, although

barrels in the posteromedial barrel subfield (PMBSF) corre-

sponding to whiskers were preserved (Figures 4A and S5A).

This result is consistent with previous studies of the SERT KO

mice (Persico et al., 2001) and indicates that the Cre-mediated

recombination effectively eliminated SERT gene function.

Because SERT is strongly expressed in raphe neuron axons

that arrive at the cortex early during neurogenesis, knockout of

SERT in the raphe neurons could severely impair sensory map

development. However, SERTRapheD mice developed barrel

maps indistinguishable from control littermate and WT mice (Fig-
350 Cell Reports 10, 346–358, January 20, 2015 ª2015 The Authors
ures 4A and S5A). We next asked whether SERT expressed in

TCAs and raphe neuron axons plays a redundant role, thus

SERT expression in either TCAs or raphe neuron afferents

would be sufficient to direct barrel formation. Against this model,

SERTGluD and SERTGluD/� mice displayed disrupted barrel maps

akin to SERT KO and SERTNull mice as examined at P7 and

6 weeks of age (Figures 4A and S5A). We ruled out disruption of

lower sensory relays as a cause for the failure to develop barrel

maps, by determining that the architectures of barreloids and bar-

relettes in the lower sensory stations in the thalamic VB nuclei and

brainstem trigeminal nuclei, respectively, were comparable be-

tween SERTGluD, SERTRapheD, their control littermate, and WT

mice (Figures S5B and S5C). These data suggest that SERT ex-

pressed in the TCAs is essential for establishing sensory maps

in the cortex, and this function cannot be compensated by

SERT expressed in raphe neuron projections to the cortex.



Figure 4. SERT Expressed in TCAs Is Essential for Barrel Map Development

(A) Barrel maps on tangential sections of the somatosensory cortex visualized by CO staining. In SERTGluD and SERT KOmice, but not in SERTRapheDmice, barrel

structures corresponding to anterior snout (AS), lower lip (LL), forepaw (FP), and hindpaw (HP) were largely absent, but barrels in PMBSF representing whiskers

were preserved. Images of CO staining of additional SERT mutant and relative control mice are presented in Figure S5A.

(B) TCA patterning at layer IV visualized by Vglut2 immunostaining of tangential sections through the somatosensory cortex of P7 mice. In SERTGluD/�, SERTGluD,

and SERT KO mice, Vglut2+ patches in the PMBSF were discernible but more blurred suggestive of poorer segregation, as compared to corresponding control

littermate and WT mice, and Vglut2+ TCA projections to the other barrel subfields failed to display a discernable patterning. Two SERTfl/fl mice each represent

control littermates for SERTGluD and SERTRapheD mice as shown.

(C and D) Evaluation of Vglut2+ TCA patterning in P7 PMBSF and AS, by calculating BAI-Vglut2 (C) and BFI-Vglut2 (D). Mutant and control littermate mouse

samples were stained in parallel (n = 5–6, mean ± SEM, *p < 0.05, **p < 0.01, Student’s t test). The differences between WT, SERTRapheD, and control groups and

the differences between SERT KO, SERTGluD, and SERTGluD/� groups were not statistically significant (p = 1, one-way ANOVA followed by Bonferroni test). The

methods for quantifying BAI-Vglut2 and BFI-Vglut2 are illustrated in Figure S6.
SERT Expressed in TCAs Governs TCA Terminal Arbor
Patterning in the Cortex
The pronounced barrel map defects in SERTGluD and SERTGluD/�

mice afforded a basis for further investigation into aspects of

cyto- and synaptic architectures regulated by SERT function in

5-HT-absorbing axons. The disrupted barrel maps could reflect

a requirement of TCA-expressed SERT for TCA segregation.

Indeed, Vglut2 immunostaining of P7 mice showed no discern-

ible Vglut2+ TCA patterning in the subfields corresponding to si-

nus hairs and paws in SERTGluD, SERTGluD/�, SERT KO, and

SERTNull mice (Figure 4B). However, in all these SERT mutants,

Vglut2+ TCA organization in the PMBSF was largely intact,

although the TCA patches were more blurred compared to con-

trol littermates (Figure 4B), giving rise to the hypothesis that in the

absence of SERT function the TCAs are able to segregate but

cannot elaborate a precise patterning.
C

To test this hypothesis, we evaluated TCA patterning by

determining barrel appearance index (BAI) based on Vglut2

immunostaining of TCA patches in the PMBSF and the sub-

field corresponding to anterior snout (AS) in P7 mice. This

procedure provides a quantitative evaluation of the degree

to which TCA terminal arbors have compacted into patches

reflecting barrel-like organization; more conglobated TCAs

become, higher BAI values (Figure S6A) (Toda et al., 2013;

Torborg and Feller, 2004). There was no statistical difference

in the BAI-Vglut2 values among WT and control groups (p =

1, one-way ANOVA followed by Bonferroni test). In contrast,

the BAI-Vglut2 values of both PMBSF and AS were lower in

SERTGluD, SERTGluD/�, and SERT KO mice compared to their

control littermates and WT mice, indicating defective TCA

patterning in both PMBSF and AS in the mutant mice

(Figure 4C).
ell Reports 10, 346–358, January 20, 2015 ª2015 The Authors 351



Figure 5. Inhibition of 5-HT Synthesis Rescues TCA Patterning in SERT Mutants

(A) Inhibition of 5-HT synthesis by daily PCPA treatment from P1 to P7 rescued Vglut2+ TCA patterning in SERTGluD/� mice compared to untreated littermates.

Daily injection of PCPA at the dosage of 100mg/kg (n = 6) or 300mg/kg (n = 4) produced similar effects. Results following 300mg/kg PCPA treatments are shown

(mean ± SEM, *p < 0.05, Student’s t test).

(B) Knockout of Tph1 partially improved Vglut2+ TCA patterning in the barrel cortex of SERT KOmice. Each dot represents onemouse (*p < 0.05, Student’s t test).
As another method to evaluate TCA architecture, we quanti-

fied barrel formation index (BFI), which is a quantitative measure

of TCA segregation based on the ratio of Vglut2 immunostaining

intensities in barrel hollows to that in the septa region between

adjacent barrels (Figure S6B) (Toda et al., 2013). The BFI-Vglut2

values were also significantly lower for SERTGluD, SERTGluD/�,
and SERT KO mice compared to their control mice (Figure 4D).

Notably, BAI- and BFI-Vglut2 values among the three SERT

mutant groups were not statistically different (p = 1, one-way

ANOVA followed by Bonferroni test). Moreover, the same assays

indicated that Vglut2+ TCA patterning in P7 SERTRapheD mice

was indistinguishable from control littermate and WT mice (Fig-

ures 4B–4D). Together, these data support the idea that TCA-

expressed SERT underscores a mechanism that defines the

precise architecture of TCA patterning in the sensory receptive

fields.

Knockout of SERT in TCAs Results in Excessive 5-HT in
Developing Cortex
5-HT-absorbing TCAs could serve two possible roles that would

distinguish them mechanistically from raphe afferents. First,

TCAs might release imported 5-HT at their terminals to guide

their terminal arborization, and SERTGluD reduces the 5-HT sig-

nals. We thought this possibility less likely because vesicular
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monoamine transporter (VMAT)2 KOmice, which cannot release

neuronal 5-HT in the brain (Fon et al., 1997; Wang et al., 1997),

developed normal barrel maps (Persico et al., 2001; van Kleef

et al., 2012). Second, TCA-expressed SERT clears 5-HT from

the extracellular space surrounding the developing TCA arbors,

creating an environment or guidance cues for the elaboration of

TCA patterning. To test this possibility, we treated SERTGluD/�

mice from P1 to P7 with p-chlorophenylalanine (PCPA), an inhib-

itor of tryptophan hydroxylase, the rate-limiting enzyme for 5-HT

synthesis, and examined Vglut2+ TCA patterning in the barrel

cortex at P7. PCPA treatments rescued barrel maps and

increased BAI-Vglut2 values of PMBSF and AS in SERTGluD/�

mice compared to untreated littermates, although the increase

in the AS BAI-Vglut2 values was not statistically significant (Fig-

ure 5A). These data suggest that disruption of SERT expression

in the TCAs results in excessive extracellular 5-HT perturbing

TCA patterning.

In addition to 5-HT released from raphe afferents, neonatal

brain may contain 5-HT of placental origin or other peripheral

sources (Bonnin and Levitt, 2011). We further exploited the

role of SERT expressed in 5-HT-absorbing axons, by exam-

ining the contribution of nonneuronal 5-HT to TCA patterning.

In mammals, placental and peripheral 5-HT synthesis requires

the tryptophan hydroxylase encoded by the Tph1 gene. We



Figure 6. SERT Expressed in TCAs Governs

Multiple Spatial Organizations of Satb2+

Neurons in the Somatosensory Cortex

(A) Serial sections through the PMBSF of P7

mice labeled by double immunostaining of

Vglut2+ TCAs and Satb2+ cell nuclei, with DAPI

counterstain. The distance from the pial surface is

indicated. In control littermates (SERTfl/�), Satb2+

cells, as well as DAPI-labeled nuclei, displayed

two distinct patterns: stripes (arrowhead) located

�250 mm from the pial surface and barrels (arrow)

located below the stripe structure. Both Satb2+

patterns were largely absent in SERTGluD/� mice.

Impaired spatial organization of other neuronal

markers in P7 and mature barrel cortex of

SERTGluD/� mice is shown in Figure S7.

(B) Evaluation of Satb2 barrel structure by calcu-

lating BFI of Satb2 immunohistochemistry in P7

PMBSF (n = 5, mean ± SEM, *p < 0.05, Student’s

t test).
generated SERT;Tph1 double-knockout mice and compared

Vglut2+ TCA patterning in the double mutant with that in

SERT KO mice. We observed that Vglut2+ TCA patterning in

the barrel cortex was improved, and PMBSF BAI-Vglut2 values

were higher in the double-mutant mice compared to SERT KO

single-mutant mice, although the increase in AS BAI-Vglut2

values was less pronounced (Figure 5B). There was also a

trend of higher BAI-Vglut2 values for the double-mutant mice

when compared to SERTNull mice (Figure 5B). These data sug-

gest that 5-HT from nonneuronal sources may participate in

the developmental processes controlled by TCA-expressed

SERT. The relatively modest rescue by inactivating Tph1

compared to PCPA treatments suggests that the larger potion

of 5-HT accumulated in the developing cortex was released by

raphe projections. Because SERTGluD not SERTRapheD mice

displayed defective barrel maps, we conclude that 5-HT sig-

nals from neuronal sources in the developing cortex are regu-

lated at least in part by SERT expressed in 5-HT-absorbing

axons.

SERT in 5-HT-Absorbing TCAs SpecifiesMultiple Spatial
Organizations of Cortical Neurons
Each barrel is composed of a ring of layer IV cortical neurons

forming a wall surrounding a hollow filled with a patch of TCA ar-

bors (for example, see Figure 6A). TCA-expressed SERT could

coordinately regulate TCAs and cortical neuron patterning. It re-

mains possible, however, that cortical neuron patterning is pre-

dominantly controlled by SERT expressed in raphe projections

to the cortex. To discern between the two possibilities, we exam-

ined cortical neuron patterning in the PMBSF of SERTRapheD and

SERTGluD/� mice. We first used the fragile X mental retardation 1

protein (FMRP) as a marker, which is expressed in >97% of layer

IV neurons in the barrel cortex (Harlow et al., 2010; Till et al.,

2012). Indeed, immunostaining of P7 control mice showed that

FMRP+ cells were organized into rings surrounding Vglut2+

TCA patches (Figure S7A). Moreover, we noticed that barrel ar-
C

chitectures were not stationary. For example, at 6 weeks of

age, Vglut2+ TCA patches were much larger and appeared to

be less well segregated, and, interestingly, the ring structure of

FMRP+ cells became more prominent (Figure S7A). The

FMRP+ cell patterning was impaired in SERTGluD/� mice at the

age of P7 and became almost completely absent in 6 weeks

old PMBSF (Figure S7A). To substantiate the observation, we

quantified BFI of FMRP immunostaining relative to Vglut2+ TCA

patches in the PMBSF. The BFI-FMRP values were significantly

lower inSERTGluD/�mice compared to control littermates both at

the age of P7 and 6 weeks old (Figure S7B), showing that disrup-

tion of SERT expression in the TCAs impairs the spatial organiza-

tion of the cortical neurons during the sensory map formation, as

well as the trajectory of cortical sensory architectural refine-

ments later in the life.

SERT expressed in the TCAs could influence TCA and cortical

neuron patterning in a complementary manner. Namely, as TCA

patches elaborate, neurons are instructed to migrate to the

space between patches. To further investigate the role of

SERT in sensory map formation and to identify which neuronal

types are regulated by SERT, and thus 5-HT, we examined

cortical neuron patterning using specific cell markers. The tran-

scription factor Satb2 is specifically expressed in excitatory neu-

rons that extend axons across the corpus callosum (Alcamo

et al., 2008; Britanova et al., 2008). We were intrigued with the

observation made by Killackey and colleagues that callosal pro-

jection neurons form temporary barrel structures in the rat so-

matosensory cortex at the end of postnatal week (Koralek and

Killackey, 1990). In keeping with this, immunohistochemistry

for Satb2 displayed ring structures surrounding Vglut2+ TCA

patches in P7 PMBSF in control mice, very similar to the FMRP

immunohistochemistry. The Satb2+ patterning was disrupted in

SERTGluD/� mice (Figure 6). SERTRapheD mice did not display a

detectable Satb2+ patterning defect (Figure 6B), indicating that

SERT expressed in 5-HT-absorbing axons is essential for

Satb2+ neurons to form the barrel structure.
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Moreover, we observed a Satb2+ stripe structure lying on the

top of barrels in the PMBSF in control mice; the stripes were also

abolished in SERTGluD/� mice (Figure 6A). In addition, rudimental

ring structures of DAPI-stained cell nuclei surrounding Vglut2+

TCA patches remained visible in the PMBSF of SERTGluD/�,
SERTGluD, and SERT KOmice (for example, see Figure 6A), indi-

cating that certain layer IV cells were enriched in barrel walls

in the absence of SERT function. A simple explanation for these

observations would be that TCA-expressed SERT encodes in-

structions for precise, discrete spatial organizations of specific

layer IV neurons in the sensory receptive field, rather than simply

driving layer IV neurons to the interbarrel spaces between TCA

patches.

SERT Expression in TCAs Shapes Cortical Neuron
Dendritic Architecture
As layer IV neurons migrate to barrel walls, they remodel their

dendritic architecture by growing dendrites toward the barrel

hollow while eliminating unoriented dendritic segments, and

this oriented dendrite patterning is thought to serve to sharpen

the temporal and spatial precision of the sensory receptive fields

(Daw et al., 2007; Espinosa et al., 2009). We assessed SERTGluD

and SERTRapheD impact on dendrite patterning, by examining

GABAergic dendritic architecture in the barrel cortex.

GABAergic neurons constitute �14% of neurons in the PMBSF,

and patterned inhibitory GABA circuits form a scaffold for

discriminating local competing sensory inputs (Daw et al.,

2007). Immunostaining showed that GABAergic neurons in con-

trol mice were arranged into a barrel structure but did not man-

ifest stripes as seen with Satb2+ cells (Figure 7A). SERTRapheD

mice displayed a spatial organization of GABA+ cells indistin-

guishable from control littermates, with an �2:1 ratio of GABA+

cell densities in barrel walls relative to that in barrel hollows (Fig-

ure 7B). In contrast, the PMBSF of SERTGluD/� mice failed to

display an appreciable GABA+ cell organization, with nearly an

equal GABA+ cell density in barrel walls and hollows (Figures

7A and 7B).

We next characterized GABA dendrite patterning. GABAergic

neurons are composed of multiple subpopulations, each ex-

pressing distinct molecular markers. To follow particular popula-

tions of GABAergic neurons and to enhance the ability to trace

complete dendritic trees, we used double immunohistochem-

istry to identify markers that are expressed in subsets of

GABAergic neurons. We found that the calcium-binding protein

calretinin is expressed in a small GABA+ population in the barrel

cortex (Figure 7C, i and iii). We confirmed calretinin+ processes

as dendritic by double immunolabeling with the dendritic marker

MAP2. We reconstructed dendritic trees of neurons that were

immunolabeled with both GABA and calretinin and located in

barrel walls of P7 PMBSF (Figure 7C) and evaluated oriented

dendritic arborization based on three parameters: the percent-

age of total dendrite length, number of dendritic segments,

and branchpoints. In SERTRapheD and control PMBSF, calretinin+

GABAergic neurons elaborated their dendrites primarily toward

and within a single barrel (Figures 7Cvii and 7D). In contrast, all

three parameters showed that calretinin+ GABAergic dendritic

segments were not restricted to a primary barrel in SERTGluD

and SERTGluD/� PMBSF (Figures 7Cviii and 7D). The differences
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cannot be attributed to the failure of dendritic development

per se because, for example, the total dendrite length and the

number of branchpoints did not differ significantly between

SERTGluD/� and control littermate mice (218.1 ± 34.5 mm versus

234.3 ± 30.8 mm, p = 0.73, and 4 ± 0.6 versus 5 ± 0.7, p = 0.26, t

test, respectively). These data indicate that oriented GABAergic

neuron dendritic arborization depends on SERT at work in the

TCAs.

DISCUSSION

In this study, we established a biological role for SERT expressed

in 5-HT-absorbing axons in developing CNS. We showed that

SERT expression in TCAs dictates the spatial organizations

of TCA, cortical neurons, and dendrites in the somatosensory

cortex. Disruption of SERT expression in the TCAs caused

excessive 5-HT leading to permanently impaired sensory archi-

tectures. Our data indicate that SERT expressed in 5-HT-

absorbing axons is essential machinery for controlling 5-HT

signaling in the developing cortex. Because SERT expression

in those neurons is transient, our results suggest that regulation

of 5-HT signaling in the developing and adult CNS involves

distinct SERTmechanisms. SERT is expressed in non-5-HT-pro-

ducing axons in developing human CNS (Gaspar et al., 2003). It

is likely that 5-HT-absorbing axons represent a conservedmech-

anism regulating trophic 5-HT signals in a period of cortical

maturation that lays down the framework of functional neural

circuits.

The Role of SERT Expression in 5-HT-Absorbing Axons
in Shaping Cortical Architectures
There are at least two mechanisms by which spatiotemporal

SERT expression in 5-HT-absorbing axons could control neural

patterning. First, 5-HT uptake by TCAs might create a ‘‘morpho-

genic gradient of 5-HT’’ (Gaspar et al., 2003). This model is

conceptually similar to the regulation of pattern formation by

classic morphogen gradients (Lander, 2007), predicting that

patterned 5-HT signals orchestrate the spatial organizations of

the cortex. Another, not necessarily mutually exclusive possibil-

ity is that a prompt removal of extracellular 5-HT triggers second-

ary signals, which, in turn, specify aspects of neural patterning.

We found that SERT expression in the TCAs is essential for

Satb2+ neurons to form two distinct spatial organizations, bar-

rels, and stripes, in the somatosensory cortex. This observation,

combined with the ability of PCPA treatments to rescue the bar-

rel maps in SERTGluD/� mice, points to reducing extracellular

5-HT, rather than 5-HT gradient, as a cue.

Although our data corroborate previous studies of SERT KO

and MAOA KO mice indicating that excessive 5-HT impairs bar-

rel formation, 5-HT synthesis and receptor KO mice do not

display a prominent pattern defect. This has been interpreted

as an indication that the developing brain has other 5-HT sources

and redundant 5-HT receptor functions (van Kleef et al., 2012).

Our observation that knockout of Tph1 may partially improve

barrel architectures in SERT KO mice indicates that the devel-

oping brain is sensitive to nonneuronal 5-HT. However, the

modest rescue conferred by eliminating Tph1 as compared to

PCPA treatments implies that a large portion of 5-HT



Figure 7. Knockout of SERT Function in TCAs Causes Mistargeting of GABA Dendrites in the Barrel Cortex

(A) Immunohistochemistry for GABA on tangential sections through the PMBSF of P7 mice. In control littermates (SERTfl/�), GABA+ cells showed an organization

of barrel structures. In the SERTGluD/�mice, GABA+ cells failed to form a discernable pattern, even though rudiment ring-like cell arrangements were evident with

DAPI counterstain.

(B) Distribution of immunolabeled GABA+ cells in barrel walls delineated by densely packed DAPI-labeled nuclei relative to that in the center of barrel hollows (n =

4–6, mean ± SEM, *p < 0.05, Student’s t test).

(C) Examples of reconstruction of the dendritic trees of calretinin+ GABAergic neurons located close to the edge of barrel walls in P7 PMBSF. Ci and Cii,

low-magnification images show calretinin+ cells (green) at barrel walls delineated by the high density of DAPI-stained nuclei (blue) on tangential sections through

the PMBSF. Calretinin immunostaining colocalized with a subset of GABAergic neurons located in the barrel cortex. In three P7 control mice examined, 102 out of

127 calretinin+ neurons at layer IV colabeled with GABA immunostaining. Ciii and Civ representative higher-magnification confocal images show neurons that,

labeled with both calretinin (green) andGABA (red), were selected for dendritic reconstruction. Cv andCvi, higher-magnification confocal images show calretinin+

dendritic profiles. Cvii and Cviii, reconstruction of calretinin+ dendritic trees superimposed over barrel walls from collapsed serial confocal images encompassing

18 mm above and below the center of the cell body. Fourteen to 15 neurons from three mice for each genotype were analyzed.

(D) Selective knockout of SERT in TCAs, not in raphe axons, disrupted oriented calretinin+ GABAergic dendrite patterning. Primary barrels were defined as the

barrels that house the majority of total dendritic length (mean ± SEM, **p < 0.01, ***p < 0.001, Student’s t test).
accumulated in the extracellular space is released from raphe

projections to the cortex. These observations, together with

the requirement of TCA-expressed SERT for barrel map forma-

tion, also imply that the developing cortex is, by default, exposed

to excess 5-HT, which must be promptly removed in order to

form barrel maps. Remarkably, a recent report implicates a

sharp drop of extracellular 5-HT levels as a trigger for barrel

development (Toda et al., 2013). These findings emphasize

that the precise timing of changes in cortical 5-HT-availability

is a key to sensory map development. Taken together, it is

tempting to speculate that trophic 5-HT signaling inhibits circuit

development, and SERT expressed in 5-HT-absorbing axons re-

leases this inhibition, setting the stage for functional circuit for-

mation. In keeping with this hypothesis, elimination of 5-HT1B
C

receptor rescued barrel formation in the complete SERT and

MAOA KO models (van Kleef et al., 2012).

In addition to TCAs, SERT is also transiently expressed in py-

ramidal neurons located in deep layers of the PFC as well as in

the hippocampus (Lebrand et al., 1998). Interestingly, selective

knockout of SERT expression in those pyramidal neurons by

Emx1-Cre, which expresses Cre in all cortical and hippocampal

excitatory neurons but not in thalamic neurons (Iwasato et al.,

2000), did not impair barrel map architecture (X.C. and J.Y.S.,

unpublished data). Thus, 5-HT-absorbing axons in discrete

cortices are likely to control regional trophic 5-HT levels during

a precise time window of defined circuit development. Although

we have focused on the somatosensory cortex in our studies,

our findings could be of general relevance to other cortical
ell Reports 10, 346–358, January 20, 2015 ª2015 The Authors 355



regions that receive innervation of transient 5-HT absorbing

axons.

The Role of SERT Expression in 5-HT-Producing
Neurons in Sensory Map Development
Despite the intact SERT expression in raphe neuron projections

to the sensory cortex in SERTGluD mice, our data showed that

their barrel map defects were comparable to SERT KO and

SERTNull mice. Conversely, we have not been able to detect

a barrel architectural defect in SERTRapheD mice. Because

Pet1-Cre did not completely eliminate SERT expression in the

raphe neurons, it is possible that subtle architectural defects in

SERTRapheD mice were not detectable. Nevertheless, the pro-

nounced sensory map defects seen in SERTGluD mice indicate

that SERT function in the raphe axons was insufficient for sen-

sory map development.

In adult CNS, SERT is expressed predominantly, if not exclu-

sively, in raphe 5-HT-producing neurons (Blakely et al., 1991;

Hoffman et al., 1991). We propose that the differential SERT

expression in the developing versus adult CNS underlies distinct

roles of 5-HT signaling. There is abundant evidence that elevated

synaptic 5-HT signaling in mature nervous systems facilitates

neural circuitry underlying behavior and cognitive function (Kan-

del, 2001). Defining the precise role of SERT gene function in

adult brain, versus its role in development, has been difficult

due to the global SERT-null nature of previous models. By un-

coupling SERT function in 5-HT-absorbing axons and 5-HT-pro-

ducing axons, the availability of conditional SERT knockout mice

should provide an important opportunity for systematic dissec-

tion of how SERT function exerts multiple roles in shaping

cortical architecture and circuit function. These animal models

may also assist in understanding how SERT antagonists influ-

ence both developmental programs as well as the function of

mature neural circuitry modulated by 5-HT, and the mechanisms

of SERT-directed therapies in the treatment of mental illness.

EXPERIMENTAL PROCEDURES

Animals

Animal procedures were approved by the Albert Einstein College of Medicine

Institutional Animal Care and Use Committee. SERTfl/fl mice were generated

for our laboratory by Precision Targeting Lab, using homologous recombina-

tion of a lox-modified SERT (Slc6a4) gene in PTL1 (129B6 hybrid) embryonic

stem cells and implanting targeted ES cells into C57BL/6 blastocysts. Two

loxP sites were inserted in introns 2 and 4 of Slc6a4. The generation of the

Vglut2-Cre, ePet1-Cre, SERT KO, and Tph1 KOmice has been described pre-

viously (Bengel et al., 1998; Scott et al., 2005; Vong et al., 2011; Walther and

Bader, 2003). All mouse lines were backcrossed to WT C57BL/6 (Taconic

Farms) for at least seven generations. The Cre reporter mouse strains

TaumGFP-nls-LacZ (Hippenmeyer et al., 2005) and Rosa-CAG-LSL-ZsGreen1-

WPRE (Ai6) (Madisen et al., 2010) were used for evaluation of Vglut2-Cre-

induced recombination efficiency.

Quantification of Barrel Map Architecture

The patterning of immunohistochemistry for Vglut2, FMRP, and Satb2 in the

somatosensory cortex in various genotypes was evaluated by quantifying bar-

rel formation index (BFI) in the PMBSF, according to a publishedmethod (Toda

et al., 2013) with modifications. Tangential sections double stained with Vglut2

and FMRP or Satb2 were used for this analysis. Images were processed using

the mean filter and band-pass filter tools of ImageJ (NIH) to obtain ‘‘smooth-

ened images’’ (Figure S6B). Fluorescence signal intensities along a rectangular
356 Cell Reports 10, 346–358, January 20, 2015 ª2015 The Authors
box located in themiddle of rowC and across C1 to C3 barrels in the smoothed

images (red box in Figure S6B) were measured using ImageJ software. We

used Vglut2 signals to define barrel structures of C1, C2, and C3 as illustrated

in Figure S6B: the horizontal coordinates that hadminimal values of Vglut2 sig-

nals were defined as representative positions of septa (S), and the distance be-

tween two adjacent septa was defined as barrel width (BW). Ten percent of

horizontal distance centered on the midpoint of the BW was defined as the

center of barrel hollows (H). Vglut2 and Satb2 signal intensities in individual

H and S positions were utilized to calculate BFI values. BFI values for Vglut2

(V) were defined by the equation: BFI-Vglut2 = (VH1 + VH2 + VH3) / 3 – (VS1 +

VS2 + VS3) / 3) / mean intensity of Vglut2 signals in the rectangular box. BFI

values for Satb2 (S) were defined by the equation: BFI-Satb2 = (SS1 + SS2 +

SS3) / 3 – (SH1 + SH2 + SH3) / 3 / mean intensity of Satb2 signals in the rectan-

gular box. The samemethod was used to calculate BFI-FMRP. In this way, BFI

values are greater when a neuronal marker is more clearly segregated into bar-

rel structures.

The same original Vglut2 staining images were also used for quantifying

overall topography of Vglut2+ TCAs in the PMBSF and the anterior snout-cor-

responding barrel subfield (AS), by calculating barrel appearance index (BAI),

as previously described (Takasaki et al., 2008; Toda et al., 2013). First, the im-

ages were processed to determine the threshold values. To do this, a band-

pass filter was applied, the minimum values of images were subtracted, the

mean value of resulting digital images was determined, and then different

threshold values were set as a percentage of the mean values. To determine

BAI values, the original imageswere processed using the rolling ball filter of Im-

ageJ, and themean values of the imageswere subtracted. A defined area in the

PMBSF and ASwas selected as illustrated in Figure S6A, and the total pixels of

the selected area and fractions of the pixels with signals higher than the various

thresholds within the selected areawere obtained by ImageJ. In this paper, BAI

values were defined as pixels with fluorescence signals above 30% threshold/

total pixels in selected area in PMBSF or AS. BAI values are greater when

Vglut2+ TCAs segregated more clearly into individual barrel structures.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures

and seven figures and can be found with this article online at http://dx.doi.

org/10.1016/j.celrep.2014.12.033.

ACKNOWLEDGMENTS

We thank O. Hobert, G. Schwartz, and C.-W. Chow for helpful discussion and

comments; S. Zukin and M. Mehler and their laboratories for reagents and

technical help; K. Fisher at the Cellular and Molecular Neuroimaing Core for

assistance in GABA dendrite reconstruction and developing methods for

quantifying barrel structures; and the Animal Physiology Core for providing

brain sectioning equipment. We are grateful to J. Hebert and S. Gokhan for

providing Cre reporter mouse lines and M. Gershon for Tph1 KO mice. We

especially thank Dr. B. Lowell for sharing Vglut2-Cre transgenic mice prior to

the publication. This work was supported by grants from National Institute of

Mental Health to J.Y.S. (MH098290 and MH083982) and R.D.B. (MH078028).

Received: January 7, 2014

Revised: November 10, 2014

Accepted: December 15, 2014

Published: January 15, 2015

REFERENCES

Alcamo, E.A., Chirivella, L., Dautzenberg, M., Dobreva, G., Fariñas, I., Gros-
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